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ABSTRACT
In this dissertation, the one- and two-dimensional periodic structures are
modelled and adopted in the design of near-ﬁeld antennas. First, the dis-
continuous Galerkin time-domain (DGTD) method is applied to model the
scattering from periodic structures. The modelling of dispersive media is
incorporated into a three-dimensional DGTD scheme, which is capable of
studying plasmonic periodic structures at optical frequencies. Various nu-
merical examples are presented to demonstrate the applications of the pro-
posed algorithm. Second, a new methodology for modelling and characteri-
zation of one-dimensional periodic structures with nonstraight geometries is
developed. The one-dimensional zero-phase-shift line (ZPSL) is analyzed to
obtain its dispersion characteristics. Equivalent circuit models are proposed
to characterize the ZPSL structures. A design guideline is developed and
demonstrated to enlarge the interrogation zone of a ZPSL loop antenna for
near-ﬁeld wireless systems. Third, the full dispersion characteristics, includ-
ing phase and attenuation constants, of the ZPSL are analyzed in a loop
conﬁguration. Based on the dispersion characteristics, a periodic ZPSL loop
antenna with uniformly distributed unit cells is studied, and a nonperiodic
ZPSL loop antenna with nonuniformly arranged unit cells is designed for
an improved near-ﬁeld performance. Fourth, a low-proﬁle directional ZPSL
loop antenna is proposed by placing an artiﬁcial magnetic conductor (AMC)
reﬂector behind a ZPSL grid-loop antenna. The grid-loop conﬁguration is
designed such that an enhanced magnetic ﬁeld distribution can be realized
on the electrically large ZPSL loop antenna with a simple feeding network.
The AMC reﬂector with four-arm spiral unit cells is included to achieve a
directional ﬁeld distribution as well as to further increase the magnetic ﬁeld
intensity. Fifth, two low-proﬁle ZPSL loop antennas are proposed to achieve
a directional magnetic near-ﬁeld distribution. The current distributions on
the antennas are studied to realize the desired near-ﬁeld pattern. Besides the
ii
directional distribution, both the antennas exhibit enhanced magnetic ﬁeld
intensities in the forward direction. All of the antennas are exempliﬁed as
a reader antenna for ultra-high frequency (UHF) near-ﬁeld radio frequency
identiﬁcation (RFID) systems.
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CHAPTER 1
INTRODUCTION
1.1 Near-ﬁeld Antennas and Periodic Structures
In the microwave and optical regimes, the electromagnetic near-ﬁeld has
found widespread use in a myriad of applications such as radio-frequency
identiﬁcation (RFID) [1], wireless power transfer systems [2], biomedical in-
struments [3], high resolution imaging [4], and photovoltaic devices [5]. Near-
ﬁeld antennas are indispensable components to produce, detect, control, and
manipulate the electromagnetic near-ﬁeld for many of these promising appli-
cations. For instance, in RFID applications, near-ﬁeld antennas are essential
to couple the electromagnetic energy between the reader and the tag with a
high eﬃciency [6]. Optical antennas also play a major role in concentrating
and enhancing light within a subwavelength volume in the near-ﬁeld zone [7].
In order to control electromagnetic ﬁelds in the near zone, one eﬀective
approach is to use periodic structures. A periodic structure can be formed
by repeatedly translating a unit cell in one, two, or three dimensions. Pe-
riodic structures have been extensively studied and applied in microwaves
and optics. Transmission lines [8], metamaterials [9], and frequency selective
surfaces [10] are among the common examples of the periodic structures that
ﬁnd themselves in a wide range of engineering applications. Due to its ex-
tensive contents, a comprehensive study of periodic structures in microwaves
and optics is outside the scope of this dissertation. The goal of this disserta-
tion is to study and utilize one- and two-dimensional periodic structures in
the design of near-ﬁeld antennas.
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1.2 Discontinuous Galerkin Time-Domain (DGTD)
Method for Simulating Periodic Structures
Eﬃcient numerical methods are necessary to accurately model periodic struc-
tures and to gain a detailed understanding of the near-ﬁeld response. To
analyze the near-ﬁeld response, diﬀerential equation methods are advanta-
geous because of the ﬁeld computation on volumetric grids [11]. Among the
diﬀerential equation methods, the time-domain methods have the advantage
of retrieving a broadband spectral response within a single simulation [12].
One common time-domain diﬀerential equation method is the ﬁnite diﬀer-
ence time-domain (FDTD) method [13]. The FDTD method is popular be-
cause of its ease of implementation. The structured mesh for Yee’s algorithm
brings simplicity into the FDTD method, but leads to limitations on model-
ing complex geometries [14]. Another powerful method is the ﬁnite-element
time-domain (FETD) method [15]. With an unstructured mesh, the FET-
D method is capable of modeling complex structures with a high accuracy.
However, the FETD method needs to solve a large system matrix at every
time step, and therefore it becomes computationally expensive. The discon-
tinuous Galerkin time-domain (DGTD) method has been applied in compu-
tational electromagnetics in the past decade [16, 17]. The DGTD method
also employs an unstructured mesh, which enables an accurate modeling of
complex geometries. The DGTD method can be considered as a variation of
the FETD method, and it is an explicit method [18]. More importantly, the
DGTD method introduces the ﬂux concept at the element interfaces, such
that it is able to work at the element level. Without the need to solve a
global matrix, the DGTD method becomes more eﬃcient as compared with
the FETD method.
In this dissertation, the DGTD method is employed and extended for the
modeling of periodic structures. An upwind-ﬂux DGTD scheme [16,19,20] is
applied to solve the electromagnetic scattering problems. The method of ﬁeld
transformation [21–23] is incorporated into the upwind-ﬂux DGTD scheme
such that the causality issue can be resolved when handling the scattering of
periodic structures at an oblique incidence. At optical frequencies, plasmon-
ic metamaterials [24] feature a strongly enhanced near-ﬁeld that facilitates
light-matter interaction in optical antennas. Plasmonic metamaterials are
periodic structures that are typically made of noble metals like silver or gold.
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When considering the noble metals in the optical regime, dispersive models
such as the Drude and Drude-Lorentz models [25] need to be adopted to
describe the material properties. The auxiliary diﬀerential equation (ADE)
method [26,27] is employed to include the dispersive material models in the
upwind-ﬂux DGTD scheme for the modeling of periodic structures with dis-
persive media.
1.3 Enlargement of Zero-Phase-Shift Line (ZPSL)
Loop Antennas
A zero-phase-shift line (ZPSL) or segmented line is a one-dimensional period-
ic structure that consists of single or coupled solid metallic strip sections and
gap segments acting as series capacitors. Dobkin et al. ﬁrst proposed the seg-
mented line structure using a single line and lumped capacitors [28]. Oliver
presented three segmented lines using single, double, and triple broken lines,
avoiding the use of lumped circuit components [29–31]. The ZPSLs with
various types of distributed capacitors have recently been proposed [32–42].
The most important characteristic of the ZPSL is a very small phase lag as-
sociated with the current ﬂowing along the line, which makes it desirable for
the design of electrically large loop antennas as ultra-high frequency (UHF)
near-ﬁeld RFID readers. Compared with a conventional solid-line loop an-
tenna, a ZPSL loop antenna is able to provide a much larger interrogation
zone, and the perimeter of the interrogation zone of a single ZPSL loop an-
tenna can be as large as two times the free-space wavelength λ0, which is
almost four times that of a solid-line loop antenna [32, 33, 35–37]. Further-
more, the in-phase current ﬂowing on the ZPSL loop is capable of generating
an omnidirectional radiation pattern, leading to a number of ZPSL based
horizontally polarized omnidirectional antennas that have been reported for
wireless local area networks (WLANs) applications [34, 41, 42].
The idea of using series capacitors as reactive loadings to compensate for
phase shift along transmission-line structures can also be found in the concept
of composite right/left-handed (CRLH) transmission-line metamaterial. The
combination of series capacitors and shunt inductors forms the left-handed
transmission line such that phase compensation can be achieved at a single
frequency by cascading the traditional right-handed transmission line and
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the left-handed structure [43–45]. The key diﬀerence between the CRLH
and the ZPSL structures lies in the fact that the CRLH transmission line
is always associated with a ground, while the ZPSL structure is essentially
a ground-less single-line structure. The ZPSL can be considered as a type
of planar Sommerfeld or Goubau line [46] periodically perturbed with dis-
continuities. In such periodic structures, the unit cells are typically much
smaller than the operating wavelength, fulﬁlling the size limit of metamate-
rials. Therefore, the well-developed transmission-line approach [9, 47] in the
ﬁeld of metamaterials can be applied to model and analyze these structures.
In [42], the transmission-line approach has been applied to analyze the ZPSL,
wherein the ZPSL was approximated as a periodically loaded parallel-plate
line instead of a single-line structure. Consequently, the extracted dispersion
relation cannot be fully related to the designed structure. Moreover, the
uniform and in-phase current ﬂowing on the ZPSL loop was attributed to
the zeroth-order resonance (ZOR) [42], and it was also pointed out that the
short-ended boundary condition must be applied to achieve the ZOR reso-
nance [9,42]. Nonetheless, the short-ended boundary condition is diﬃcult to
implement with the ground-less ZPSL structure.
The dispersion characteristic of a ZPSL structure reﬂects the phase infor-
mation and therefore is the most important property. Without the dispersion
relation, the design process of a ZPSL loop antenna becomes extremely time-
consuming, in particular, for electrically large loop antennas. Moreover, it is
diﬃcult to improve a design because of the unknown upper limit on the size
of such antennas.
In this dissertation, a methodology for modeling and characterization of
a ZPSL structure is presented, and a ZPSL-based electrically large loop an-
tenna is designed for near-ﬁeld wireless systems. A ZPSL structure is ﬁrst
studied with a dispersion analysis that employs a full-wave eigen-mode solver.
The corresponding ZPSL loop is then analyzed with a full-wave driven-mode
solver to obtain the dispersion curve. Equivalent circuit models are then
presented for characterizing the ZPSL structures. Based on the dispersion
analysis, a design guideline is proposed for the ZPSL loop antenna to enlarge
its interrogation zone, where a uniform magnetic ﬁeld distribution is desired.
A design example at 915 MHz shows that the perimeter of the ZPSL loop
antenna with a desired uniform magnetic ﬁeld distribution can be increased
up to 2.5λ0, which is much larger than those reported with 2λ0, achieving
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a 56% increase in the area of the interrogation zone. The proposed method
can be applied in the antenna design for near-ﬁeld wireless systems such as
wireless charging, RFID, near-ﬁeld communications (NFC), and magnetic
resonance imaging (MRI).
1.4 Design of Periodic and Nonperiodic ZPSL Loop
Antennas
Near-ﬁeld UHF RFID systems have a good potential in item-level tagging
applications [1, 48]. Near-ﬁeld RFID systems based on inductive coupling
are preferred as they are less sensitive to a liquid environment and metallic
objects [1,49]. For RFID systems operating at low-frequency (LF) and high-
frequency (HF) bands, an electrically small solid-line loop antenna can be
used as a reader antenna [6]. However, at the UHF regime, an electrically
small loop antenna has a physically small interrogation zone, which is not
suitable for most applications that require a high-speed reading capability
to simultaneously detect a large number of tags. When the loop size is
increased, the current ﬂowing along the loop can encounter phase inversion
as the circumference of the loop exceeds one half of a guided wavelength,
which would result in a nonuniform magnetic ﬁeld distribution inside the
loop area [50]. Therefore, it is desirable to achieve a strong and uniform
magnetic ﬁeld distribution over an electrically large loop area, which can be
realized using the ZPSL loop antennas [38, 40, 50].
One important challenge in the design of the ZPSL loop antennas is to
deal with the tradeoﬀ between the loop size and the magnetic ﬁeld distri-
bution as it is diﬃcult to have a large loop area without compromising the
magnetic ﬁeld distribution [37,50]. The overall magnetic ﬁeld distribution is
closely related with the current distribution along the ZPSL loop, which is
essentially determined by the properties of the constituent unit cells. There-
fore, an accurate analysis of the dispersion characteristics of the unit cells is
necessary in order to fully understand the current behavior and to quantify
the important tradeoﬀ in the design of ZPSL loop antennas. A few attempts
have been made so far to study the dispersion characteristics of ZPSL unit
cells. In [42], a ZPSL structure was approximated as a periodically loaded
parallel-plate line, and the dispersion relation of the phase constant was ex-
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tracted based on an equivalent circuit. In [50], the phase characteristics of a
ZPSL were studied more rigorously based on the actual structure; however,
the dispersion relation for the attenuation constant was not addressed. Since
a ZPSL structure is an open conﬁguration associated with many disconti-
nuities, it is necessary to consider the eﬀects of radiation when analyzing
such structures. The dispersion relation for the attenuation constant can be
considered as an eﬀective approach to quantifying the radiation eﬀects of the
ZPSL unit cells.
In this dissertation, the dispersion characteristics, including phase and
attenuation constants, of the ZPSL in a loop conﬁguration are thoroughly
analyzed, such that the important design tradeoﬀ can be fully quantiﬁed.
Based on the dispersion characteristics, a periodic ZPSL loop antenna with
uniformly spaced unit cells is designed, and a nonperiodic ZPSL loop an-
tenna with nonuniformly arranged unit cells is further proposed. Equivalent
circuits are extracted for both designs, with the results fully correlated with
those of the actual structures. The proposed ZPSL loop antenna shows an
improved magnetic ﬁeld distribution, and also exhibits a wideband opera-
tion. The ZPSL loop antennas with three conﬁgurations are fabricated and
their performances are experimentally veriﬁed with near-ﬁeld measurements
and tag-reading tests.
1.5 An Artiﬁcial Magnetic Conductor (AMC) Backed
ZPSL Loop Antenna
As mentioned in Section 1.4, the most challenging issue in the design of a
single ZPSL loop antenna is to achieve a uniform magnetic ﬁeld distribution
over an electrically large antenna area. As the loop size increases, the mag-
netic ﬁeld distribution becomes less uniform and the magnetic ﬁeld intensity
decreases signiﬁcantly [37]. In UHF near-ﬁeld RFID systems, an electrically
large reader antenna with a strong and uniformly distributed magnetic ﬁeld
is desirable such that more tags can be simultaneously detected in a larger
interrogation zone with a near 100% detection rate.
Two designs have been proposed to overcome the tradeoﬀ in designing a
single ZPSL loop antenna, such that an enlarged interrogation zone of a ZPSL
loop antenna can be achieved with an enhanced magnetic ﬁeld distribution
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[39, 40]. A dual-loop structure was proposed in [39] with a smaller parasitic
ZPSL loop located in the center of a larger ZPSL loop. The drawback of
this design is that the in-phase currents on the parallel sides of the parasitic
loop reduce the magnetic ﬁeld intensity in the center region of the loop.
In [40], a ZPSL grid-array antenna was proposed to achieve a strong and
uniform magnetic ﬁeld distribution over a large interrogation zone with a
complicated feeding network.
A ZPSL loop antenna with a directional magnetic ﬁeld distribution is pre-
ferred in an increasingly large number of near-ﬁeld applications. In order
to fulﬁll the requirement of a directional distribution, a large metal plate is
usually used to back a bidirectional ZPSL loop antenna as a reﬂector [37].
However, the out-of-phase currents on such a metal plate tend to disturb the
magnetic ﬁeld distribution and weaken the magnetic ﬁeld intensity in the
near-ﬁeld region especially when the plate is placed electrically close to the
loop antenna.
It has been shown that a high-impedance surface (HIS) can serve as an
eﬀective ground plane for low-proﬁle far-ﬁeld antennas [51]. The HIS can
be utilized as an artiﬁcial magnetic conductor (AMC) because of its char-
acteristic of zero reﬂection phase. In recent studies, the HIS was applied
in MRI applications to improve the magnetic ﬂux density of the near-ﬁeld
coils [52–54].
In this dissertation, a directional ZPSL loop antenna backed by an AMC
reﬂector is proposed to achieve a uniformly distributed and enhanced mag-
netic ﬁeld. The grid-loop conﬁguration is designed to eﬀectively improve
the uniformity of the magnetic ﬁeld distribution of the enlarged ZPSL loop
with a simple feeding network. Moreover, an AMC reﬂector comprised of
four-arm spiral unit cells is constructed to back the ZPSL grid-loop anten-
na for a directional ﬁeld distribution and enhanced magnetic ﬁeld intensity.
The AMC-backed ZPSL antenna is able to achieve low proﬁle and a wide
bandwidth without much increasing the cost and weight of the antenna. The
proposed antenna is exempliﬁed as a reader antenna for UHF near-ﬁeld RFID
systems.
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1.6 Design of Directional ZPSL Loop Antennas
A ZPSL loop antenna consisting of single-line structures produces a bi-
directional magnetic ﬁeld distribution in the near-ﬁeld zone of the anten-
na [50]. However, a directional ﬁeld distribution is more desirable for certain
applications such as an RFID smart shelf [55]. As mentioned in Section 1.5,
the conventional approach to realizing a directional distribution involves ap-
plying a large metal plate as a reﬂector of an antenna, in which the reﬂector
cannot be placed very close to the antenna to avoid a signiﬁcant reduction
of the magnetic ﬁeld in the desired region. This is because the eddy current
induced on the reﬂector is in the opposite direction to that on the antenna,
and decreasing the separation between the antenna and the reﬂector would
result in ﬁeld cancellation as well as poor impedance matching. In [37], the
distance between a near-ﬁeld ZPSL loop antenna and a metal plate reﬂector
was set as λ0/8 (with λ0 being the free-space wavelength at the operating
frequency), which would signiﬁcantly increase the thickness of the antenna,
in particular, at lower frequency bands. As suggested in Section 1.5, one ef-
fective approach is to use an AMC reﬂector to replace the metal plate, such
that the distance between the antenna and the reﬂector can be reduced and
the magnetic ﬁeld intensity can be further enhanced [56]. Nevertheless, it is
nontrivial to design an AMC reﬂector and to integrate the reﬂector with a
ZPSL loop antenna. Moreover, the fabrication cost increases when complex
structures are employed in an AMC reﬂector.
A simpliﬁed approach to realizing a directional far-ﬁeld pattern while main-
taining a low-proﬁle antenna conﬁguration is to employ closely-spaced para-
sitic arrays [57–61]. Compared with a separately-driven array [62], a parasitic
array does not require the accurate control of the magnitude and phase of the
excitation at each array element, which greatly simpliﬁes the feeding network
and reduces the fabrication cost. For a superdirective two-element parasitic
array, one antenna element is driven, and the other serves as a parasitic di-
rector or reﬂector, which could either be shorted or loaded [57, 58, 60, 61].
In [57], the element spacing and the operating frequency were chosen as the
design variables to achieve the desired directional pattern, with the parasitic
element acting as either a reﬂector or director. In [60], a directional pattern
was realized by adding a lumped-element loading on the parasitic reﬂector in
an electrically small array. The approach was extended to near-ﬁeld appli-
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cations in [63], wherein a parasitic superdirective electrically small coil array
for magnetic resonance imaging was proposed.
Another approach to designing a directional low-proﬁle far-ﬁeld antenna
has recently been proposed, wherein a parasitic strip was added in between
a dipole antenna and a metallic ground plane [64]. Conventional directional
far-ﬁeld antenna designs that involve metal plate reﬂectors require a λ0/4
separation between the radiator and the reﬂector, which increases the thick-
ness of the antenna signiﬁcantly. A reduced separation is able to make the
antenna low proﬁle while leading to poor impedance matching and degrada-
tion in radiation eﬃciency, due to the out-of-phase current induced on the
reﬂector. In the recently proposed design, the phase of the reﬂected wave
can be properly controlled by the parasitic strip, and the separation between
the antenna and the ground can be much reduced to 0.05λ0. The parasitic
strip introduces an additional phase shift to compensate for the eﬀects of the
out-of-phase current on the ground. With this, the dipole antenna can be
positioned very close to the metallic ground plane. This approach has not
yet been applied to the design of near-ﬁeld antennas.
In this dissertation, two low-proﬁle ZPSL loop antennas are proposed to
achieve a directional distribution for UHF near-ﬁeld RFID applications. The
ﬁrst design is based on the concept of closely-spaced parasitic arrays, and it
consists of two coaxially-positioned ZPSL loop antenna elements of the same
size, with an aperiodic ZPSL loop acting as a driven element and a periodic
ZPSL loop functioning as a parasitic element. A directional magnetic ﬁeld
distribution can be achieved when an out-of-phase current along the para-
sitic loop is induced. The second design is formed by a driven ZPSL loop, a
parasitic ZPSL loop, and a metallic ground plane. The parasitic element is
chosen as an aperiodic ZPSL loop that has the same geometry as the driven
element, such that the approach of applying a parasitic strip in between a
dipole and a ground can be extended to the case of ZSPL loops. The in-phase
current induced on the parasitic element of the second design helps achieve
a uniform and enhanced magnetic near-ﬁeld distribution in the desired di-
rection. Both designs have an inter-element spacing of 15 mm, or 0.046 of
the operating wavelength at 915 MHz, achieving a desired directional mag-
netic ﬁeld distribution over a circular interrogation zone with a perimeter
of 1.5 times the operating wavelength. The two proposed designs are tested
as a UHF near-ﬁeld RFID reader antenna, and both achieve much higher
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performance than a single ZPSL loop.
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CHAPTER 2
DISCONTINUOUS GALERKIN
TIME-DOMAIN (DGTD) METHOD FOR
SIMULATING PERIODIC STRUCTURES
2.1 Introduction
In this chapter, the modeling of periodic structures and dispersive media
is incorporated into a discontinuous Galerkin time-domain (DGTD) scheme
to develop the capability of simulating periodic structures. In Section 2.2,
the formulation for an upwind-ﬂux DGTD scheme is presented. Section
2.3 outlines the modeling of periodic structures using the DGTD scheme.
Section 2.4 presents the incorporation of dispersive material models in the
modeling of periodic structures. In Section 2.5, several numerical examples
are presented to demonstrate the applications of the proposed DGTD scheme.
2.2 Formulation of the Three-Dimensional DGTD
Method
In this section, a three-dimensional DGTD scheme for solving general elec-
tromagnetic scattering problems is introduced.
Consider a source-free region as the computation domain of the scattering
problem. The Maxwell’s equations in the time domain can be written in a
conservation form [20] as
Q
∂q
∂t
+∇· ↔F (q) = 0, (2.1)
where Q represents the material matrix
Q =
⎡
⎣ε 0
0 μ
⎤
⎦ , (2.2)
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q is the state vector
q =
⎡
⎣E(r, t)
H(r, t)
⎤
⎦ , (2.3)
and the ﬂux
↔
F (q) is deﬁned as
∇· ↔F (q) =
⎡
⎣−∇×H(r, t)
∇×E(r, t)
⎤
⎦ . (2.4)
The spatial discretization of the computation domain is performed us-
ing the unstructured tetrahedral mesh. In each of the tetrahedral elements,
vector basis functions are applied to expand the electromagnetic ﬁelds as
E =
∑
j EjNj and H =
∑
j HjNj . As its name implies, the DGTD method
does not require the tangential ﬁelds to be continuous at the interface between
adjacent elements, allowing for discontinuities across the element boundaries.
In this sense, it is possible to apply the DGTD method to each element of
the computation domain in an entirely local fashion. The Galerkin testing
approach is ﬁrst applied to Equation (2.1) on a single element to obtain
∫∫∫
Ve
[
Q
∂q
∂t
+∇· ↔F (q)
]
·NidV = 0, (2.5)
where Ve denotes the volume of the single element, and Ni is the vector basis
function in the same set of those applied to expand the ﬁelds.
By performing integration by parts, the weak-form expression can be ob-
tained as
∫∫∫
Ve
[
Q
∂q
∂t
·Ni −∇ ·Ni·
↔
F
]
dV = −
∫∫
Se
nˆ· ↔F
∗
·NidS, (2.6)
where Se is the boundary area of the single element, nˆ denotes the outward-
pointing unit vector that is normal to the boundary of the element, and
↔
F
∗
denotes the numerical ﬂux. To account for the discontinuity between
elements, the ﬂux
↔
F (q) is replaced by the numerical ﬂux
↔
F
∗
, which has
been developed in the ﬁnite-volume time-domain (FVTD) method [65].
By applying integration by parts in the reverse order, the strong-form
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expression can be obtained as
∫∫∫
Ve
[
Q
∂q
∂t
+∇· ↔F (q)
]
·NidV =
∫∫
Se
nˆ · (↔F −
↔
F
∗
) ·NidS. (2.7)
Two types of numerical ﬂuxes can be applied in the DGTDmethod, namely
the central ﬂux and the upwind ﬂux. The upwind ﬂux is employed in the
analysis because of its advantage in optimal convergence rate [12]. In [20],
the numerical ﬂux in an upwind-ﬂux DGTD scheme is derived based on the
Riemann solver. The term nˆ · (↔F −
↔
F
∗
) can then be obtained as
nˆ · (↔F −
↔
F
∗
) =
⎡
⎢⎣
nˆ× [Z+(H+ −H−)− nˆ× (E+ −E−)]
Z+ + Z−
−nˆ× [Y +(E+ −E−) + nˆ× (H+ −H−)]
Y + + Y −
⎤
⎥⎦ =
⎡
⎣FE
FH
⎤
⎦ ,
(2.8)
where the superscript − denotes the single element considered and + refers
to its adjacent element, Z and Y are the impedance and admittance of the
media in the elements, and FE and FH represent the two ﬂux terms in the
corresponding Maxwell’s equations.
To study a scattering problem in an open region, the computation domain
should be truncated with some artiﬁcial boundary conditions to model the
free space that extends to the inﬁnity. In a DGTD scheme, the boundary con-
ditions are implemented through the ﬂux terms. In the scattering analysis,
the ﬁrst-order absorbing boundary condition (ABC) is applied with
Z+nˆ×H+ = nˆ× nˆ×E+, (2.9)
Y +nˆ×E+ = −nˆ× nˆ×H+. (2.10)
It can be observed that plugging Equations (2.9) and (2.10) into the ﬂux
terms in Equation (2.8) is equivalent to setting the electromagnetic ﬁelds
E+ and H+ in the adjacent element to be zero. The impedance Z+ and
the admittance Y + can be set to be the same as those of the element under
consideration.
The total-ﬁeld scattered-ﬁeld (TFSF) approach is applied to impose the
incident electromagnetic ﬁelds in the DGTD scheme for a scattering problem
[13]. In the TFSF approach, a ﬁctitious Huygens’ surface divides the entire
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computation domain into two regions, the total-ﬁeld region that contains all
the scatterers and the scattered-ﬁeld region containing only the free space.
An incident plane wave is implemented by modifying the ﬂux terms in the
elements that are closest to the ﬁctitious surface. For the elements in the
total-ﬁeld region, the incident ﬁeld is added to the E+ and H+ terms of
their adjacent elements in the scattered-ﬁeld region. On the other hand, for
those elements in the scattered-ﬁeld region, the incident ﬁeld is subtracted
from the E+ and H+ terms of their neighboring elements in the total-ﬁeld
region.
In the analysis, a modulated Gaussian pulse is applied as the incident
excitation that is imposed on this Huygens’ surface. It is deﬁned as
Einc(t) = Eˆ0exp
[
−(t− t0)
2
τ 2
]
sin(ω0t), (2.11)
where Eˆ0 is the unit vector in the polarization direction of the incident ex-
citation, t0 is the reference time of the pulse, τ denotes the pulse width, and
ω0 represents the modulation frequency.
In the upwind-ﬂux DGTD scheme implemented, the low-storage fourth-
order Runge-Kutta time-stepping scheme is adopted to perform the integra-
tion in the time domain [20, 66].
2.3 Modeling of Periodic Structures with
Three-Dimensional DGTD Method
A periodic structure is typically modeled with the assumption that the struc-
ture is inﬁnite, and therefore only one unit cell of the structure needs to be
considered in the numerical analysis. Periodic boundary conditions can then
be enforced on the unit cell to mimic the inﬁnite periodicity. Considering
the scattering from periodic structures, the implementation of the periodic
boundary conditions is straightforward if the incident wave propagates in the
normal direction to the structure. However, when the incident wave is at an
oblique angle, a causality issue will arise if the periodic boundary conditions
are applied to truncate the inﬁnite periodic structure. To resolve the causali-
ty issue, the method of ﬁeld transformation based on the Floquet theory can
be applied [21–23].
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In Fig. 2.1, a structure that is periodic in the x- and y-directions is shown.
The periodic structure consists of an inﬁnite number of unit cells, and each
unit cell has the dimensions of xp and yp in the x- and y-directions. The
incident wave illuminates at an oblique angle with time harmonic ejωt, and
the incident wave vector is
ki = k0(− sin θ cosφxˆ− sin θ sinφyˆ − cos θzˆ), (2.12)
where k0 is the wave number of the electromagnetic wave in the free space.
In a unit cell of the shown structure, the electromagnetic ﬁelds at the
boundaries satisfy
E(r, ω) =
⎧⎪⎨
⎪⎩
E(r + xpxˆ, ω) exp (−jk0 sin θ cosφxp)
E(r + ypyˆ, ω) exp (−jk0 sin θ sinφyp)
, (2.13)
H(r, ω) =
⎧⎪⎨
⎪⎩
H(r + xpxˆ, ω) exp (−jk0 sin θ cosφxp)
H(r + ypyˆ, ω) exp (−jk0 sin θ sinφyp)
. (2.14)
After performing the inverse Fourier transform to Equations (2.13) and
(2.14), the expressions in the time domain can be obtained as
E(r, t) =
⎧⎪⎨
⎪⎩
E(r + xpxˆ, t− sin θ cosφxpc )
E(r + ypyˆ, t− sin θ sinφypc )
, (2.15)
H(r, t) =
⎧⎪⎨
⎪⎩
H(r + xpxˆ, t− sin θ cosφxpc )
H(r + ypyˆ, t− sin θ sinφypc )
, (2.16)
where c is the speed of light in the free space.
When considering only one unit cell of the inﬁnitely large periodic struc-
ture, Equations (2.15) and (2.16) provide the boundary conditions in the
time domain. However, these boundary conditions equate the ﬁeld values
at diﬀerent time instants, leading to a causality issue in the implementation
process.
In order to resolve the causality issue, the Bloch wave concept can be
applied based on the Floquet theory. The electromagnetic ﬁelds can be
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written in the form of
E(r, ω) = P (r, ω) exp(−jkt · r), (2.17)
H(r, ω) = S(r, ω) exp(−jkt · r), (2.18)
where two transformed ﬁeld variables P (r, ω) and S(r, ω) are introduced,
and kt is the tangential component in ki such that kt = k0(−xˆ sin θ cosφ−
yˆ sin θ sinφ). It is important to note that the two transformed ﬁeld variables
are periodic functions in the x- and y-directions with the same periodicity as
the periodic structures.
Equations (2.17) and (2.18) are substituted into the source-free Maxwell’s
equations in the frequency domain, and inverse Fourier transform is per-
formed to obtain the corresponding time-domain expressions
ε
∂P (r, t)
∂t
+
sin θ
c
kˆt × ∂S(r, t)
∂t
= ∇× S(r, t), (2.19)
−sin θ
c
kˆt × ∂P (r, t)
∂t
+ μ
∂S(r, t)
∂t
= −∇× P (r, t), (2.20)
where kˆt is the unit vector in the direction of kt, such that kˆt = −xˆ cosφ −
yˆ sinφ.
It can be observed that Equations (2.19) and (2.20) can also be written
in a conservation form that is the same as in Equation (2.1). Therefore, the
upwind-ﬂux DGTD scheme that has been presented in Section 2.2 can be
applied to solve the newly derived equations. According to [23], the upwind
ﬂux becomes
nˆ · (↔F −
↔
F
∗
) =
⎡
⎢⎣
nˆ× (Z+(S+ − S−)− nˆ× (P+ − P−))
Z+ + Z−
−nˆ× (Y +(P+ − P−)− nˆ× (S+ − S−))
Y + + Y −
⎤
⎥⎦ . (2.21)
The two transformed ﬁeld variables are solved instead of the electromagnetic
ﬁelds. Since the transformed ﬁeld variables are essentially periodic functions
in the time domain, it is easy to impose the periodic boundary conditions,
in which no causality issue arises.
After solving the two transformed ﬁeld variables, the electromagnetic ﬁelds
can be retrieved by performing the inverse Fourier transform on Equations
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(2.17) and (2.18) as
E(r, t) = P (r, t− sin θkˆt · r
c
), (2.22)
H(r, t) = S(r, t− sin θkˆt · r
c
), (2.23)
which clearly shows that the two transformed ﬁeld variables are equal to the
original electromagnetic ﬁelds with a time delay.
2.4 Modeling of Dispersive Periodic Structures with
Three-Dimensional DGTD Method
At optical frequencies, metals no longer behave like perfect conductors. In-
stead, complex dielectric functions are required to describe the optical prop-
erties of metals, which depend on the operating frequency. In order to model
periodic structures in the optical regime, it is necessary to take into con-
sideration the eﬀects of dispersive materials like noble metals. Drude and
Drude-Lorentz models are mostly used to ﬁt the optical properties of noble
metals [67].
A Drude’s dielectric function is written as [25]
ε(ω) = ε0(ε∞ −
ω2p
ω2 − jωγd ), (2.24)
where ε∞ is the constant that corresponds to the eﬀects at higher frequencies,
ωp denotes the plasma frequency, and γd corresponds to the damping eﬀects.
The extension of the Drude model, the Drude-Lorentz model, improves the
ﬁtting of dielectric function for some noble metals. It is given as [68]
ε(ω) = ε0(ε∞ −
ω2p
ω2 − jωγd −
εω2l
ω2 − ω2l − jωγl
), (2.25)
whereε represents the Lorentz oscillator strength, ωl denotes the frequency
of the Lorentz oscillator, and γl is the damping parameter.
The Drude-Lorentz model is employed in the DGTD formulation for simu-
lating dispersive periodic structures. As the Drude model can be formulated
by the ﬁrst two terms in the Drude-Lorentz model, the incorporation of the
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Drude model can be simpliﬁed from that of the Drude-Lorentz model. The
auxiliary diﬀerential equation approach is applied in the process of incorpo-
rating the dispersive models [26, 27].
In the frequency domain, the dispersive permittivity is multiplied by the
electric ﬁeld. Considering the modeling of periodic structures, the frequency-
dependent permittivity multiplies the transformed ﬁeld variable as ε(ω)P (r, ω).
Based on the convolution theorem, a multiplication in the frequency domain
turns out to be a convolution in the time domain. Since the permittivity is
no longer a constant value for dispersive materials, the ﬁrst term in Equa-
tion (2.19) needs to be modiﬁed as ε(t) ∗ ∂P (r,t)
∂t
. Since the evaluation of a
convolution is time-consuming, the auxiliary diﬀerential equation method is
applied to avoid computing the convolution in the time domain.
First, Fourier transform is performed on the term ε(t) ∗ ∂P (r,t)
∂t
to obtain
jωε(ω)P (r, ω) = jωε0(ε∞ −
ω2p
ω2 − jωγd −
εω2l
ω2 − ω2l − jωγl
)P (r, ω), (2.26)
Two auxiliary variables Q1(r, ω), Q2(r, ω) are deﬁned as
Q1(r, ω) = −
ε0ω
2
p
ω2 − jωγdP (r, ω), (2.27)
and
Q2(r, ω) = − ε0εω
2
l
ω2 − ω2l − jωγl
P (r, ω). (2.28)
After substituting the two auxiliary variables into Equation (2.26), it be-
comes
jωε(ω)P (r, ω) = jωε0ε∞P (r, ω) + jωQ1(r, ω) + jωQ2(r, ω). (2.29)
The inverse Fourier transform is performed on Equation (2.29) to obtain
ε ∗ ∂P
∂t
= ε0ε∞
∂P
∂t
+
∂Q1
∂t
+
∂Q2
∂t
. (2.30)
Another two auxiliary variables are deﬁned as
J1 =
∂Q1
∂t
, (2.31)
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and
J2 =
∂Q2
∂t
. (2.32)
With Equations (2.30)–(2.32), Equation (2.19) becomes
ε0ε∞
∂P
∂t
+ J1 + J2 +
sinθi
c
kˆt × ∂S
∂t
= ∇× S. (2.33)
The inverse Fourier transform is performed on Equations (2.27) and (2.28),
and then the auxiliary variables J1 and J2 are substituted into the equations
to obtain
∂
∂t
J1 + γdJ1 = ε0ω
2
pP , (2.34)
∂
∂t
J2 + ω
2
lQ2 + γlJ2 = ε0εω2l P . (2.35)
It is noted that Equations (2.32)–(2.35) all involve ﬁrst derivatives in the
time domain. They can be solved together with Equation (2.20), among
which the upwind-ﬂux DGTD scheme is applied to solve Equations (2.33)
and (2.20).
When a Drude model is included, only the auxiliary variables Q1 and J1
are required. The Equation (2.33) can be reduced to
ε0ε∞
∂P
∂t
+ J1 +
sin θi
c
kˆt × ∂S
∂t
= ∇× S, (2.36)
and the Equation (2.34) remains the same. Therefore, the Equations (2.20),
(2.34), and (2.36) can be solved together for problems that involve a Drude
model.
2.5 Numerical Examples
In this section, various electromagnetic problems are presented to validate
the formulations described in Sections 2.2–2.4 and to demonstrate their ap-
plications.
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2.5.1 Frequency Selective Surface
In the ﬁrst example, a frequency selective structure (FSS) is simulated at
microwave frequencies. Figure 2.2 depicts the FSS that consists of perfectly
conducting rectangular patches, which are periodically arranged as described
in [69]. The rectangular patches are periodic in the x- and y-directions, and
they are embedded in a dielectric substrate that has a relative permittivity
equal to 2. Normal incidence is considered with the incident electric ﬁeld
pointing in the y-direction. The upwind-ﬂux DGTD scheme as described in
Section 2.3 is applied with the incident angle set to zero (θ = 0◦, φ = 0◦).
In Fig. 2.3, the reﬂection coeﬃcient obtained from the DGTD scheme is
compared with that from the ﬁnite-element time-domain (FETD) method.
Good agreement between the two methods can be observed.
2.5.2 Slabs with Noble Metals
To validate the modeling of dispersive periodic structures as described in
Section 2.4, an inﬁnitely large metallic slab with a thickness of 50 nm is
simulated at optical frequencies. As shown in Fig. 2.4, the simulations con-
sider one unit cell of the metallic slab such that the slab is inﬁnitely large in
the x- and y-directions. The implementations of Drude and Drude-Lorentz
models are veriﬁed by simulating the metallic slabs made in silver and gold,
respectively. The parameters of the Drude model for silver and the Drude-
Lorentz model for gold are summarized in Table 2.1, which are ﬁtted to the
experimental data [70].
Figures 2.5 and 2.6 compare the results of the DGTD scheme and those
obtained analytically. For both the silver and gold slabs, three cases of in-
cidence are considered. The ﬁrst case includes the normal incidence with
(θ = 0◦, φ = 0◦). In the other two cases, the incident plane wave impinges
on the slab at an oblique incident angle of (θ = 45◦, φ = 0◦) with a transverse
electric (TE) polarization and a transverse magnetic (TM) polarization, re-
spectively. A good agreement is found between the DGTD and the analytical
solutions for both the silver and gold slabs in all the three incident cases.
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2.5.3 Square Annular Aperture Array
As shown in Fig. 2.7, a square annular aperture array is studied to demon-
strate the application of the DGTD scheme on modeling periodic metallic
structures at optical frequencies. This type of aperture array can be used to
improve the light concentration in thin-ﬁlm solar cells such that the perfor-
mance of photovoltaic devices can be enhanced [5]. The array is formed by
depositing a silver layer with a thickness of 100 nm on a glass substrate. The
array of square annular apertures is engraved on the silver layer as depicted
in [71,72]. The dispersion of the silver layer is described by the same Drude
model as in Table 2.1.
The incident plane wave impinges on the square annular aperture array
from the air side with an angle of incidence of (θ = 20◦, φ = 0◦). The
transmission spectrum is studied for the TM polarization as shown in Fig.
2.8. It can be observed that the transmission spectrum exhibits a well-
deﬁned resonance at peak 2 with the transmission coeﬃcient as large as 0.8,
which is the same as that indicated in [71, 72]. As shown in Fig. 2.9, the
magnetic ﬁeld distributions at the central cross section of one aperture are
plotted at the two peak positions labeled in Fig. 2.8. It is noted that in both
the plots, surface plasmons are excited on the surface of the silver layer.
Stronger resonance can be observed at peak 2, which corresponds to a larger
transmission coeﬃcient.
2.5.4 Circular Annular Aperture Array
This example studies a circular annular aperture array using the DGTD
scheme. As shown in Fig. 2.10, an array of circular annular apertures de-
scribed in [72] is perforated on a silver layer. An oblique incident angle of
(θ = 45◦, φ = 0◦) is considered for both the TE and TM polarizations. The
transmission coeﬃcients of the circular annular aperture array are plotted in
Fig. 2.11. It can be observed that when the wavelength of the incident light
approaches 900 nm, an additional peak of transmission occurs in the case of
TM polarization, which is in good agreement with the results in [72].
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2.6 Figures and Tables
Figure 2.1: A periodic structure at oblique incidence.
Figure 2.2: Geometry of a unit cell of the FSS: (a) side view; and (b) top
view.
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Figure 2.3: Reﬂection coeﬃcient of the FSS.
Figure 2.4: Geometry of a unit cell of the inﬁnitely large metallic slab.
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Figure 2.5: Silver slab: (a) reﬂection coeﬃcients; and (b) transmission
coeﬃcients.
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Figure 2.6: Gold slab: (a) reﬂection coeﬃcients; and (b) transmission
coeﬃcients.
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Figure 2.7: Geometry of the square annular aperture array.
Figure 2.8: Transmission coeﬃcient of the square annular aperture array.
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Figure 2.9: Magnetic ﬁeld distributions of one unit cell of the square
annular aperture array: (a) at peak 1; and (b) at peak 2.
Figure 2.10: Geometry of the circular annular aperture array.
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Figure 2.11: Transmission coeﬃcients of the circular annular aperture array.
Table 2.1: Fitting of Experimental Data for Silver and Gold [70]
Metals ε∞ ωp (rad/s) γd (rad/s) ε ωl (rad/s) γl (rad/s)
Silver 5 1.4433× 1016 1.4995× 1014 N.A. N.A. N.A.
Gold 5.9673 1.328× 1016 1× 1014 1.09 4.0845× 1015 6.5885× 1014
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CHAPTER 3
ENLARGEMENT OF ZERO-PHASE-SHIFT
LINE (ZPSL) LOOP ANTENNAS
3.1 Introduction
This chapter focuses on the modeling and characterization of a zero-phase-
shift line (ZPSL) structure, and the enlargement of a ZPSL-based electrically
large loop antenna for near-ﬁeld wireless systems. Section 3.2 details the dis-
persion analysis performed on a ZPSL unit cell based on the eigen-mode
analysis. Section 3.3 presents the dispersion analysis for the corresponding
ZPSL loop using the driven-mode analysis. In Section 3.4, the equivalent cir-
cuit models of the ZPSL structures are proposed. Section 3.5 demonstrates
the application of the dispersion analysis in the design of a ZPSL loop anten-
na. In Section 3.6, the measurement and simulation results of the designed
ZPSL loop antenna are compared.
3.2 Dispersion of ZPSL Based on Eigen-Mode Analysis
The unit cells of ZPSLs are typically much smaller than a quarter guided
wavelength, satisfying the size limit for the homogenization of the ZPSLs as
electromagnetically uniform materials [9]. The propagation characteristics
of the electromagnetic wave on a ZPSL structure can then be approximated
as having no variation with the position on the line. Consequently, the
dispersion analysis could be performed by considering a single unit cell of
the periodic structure.
The Ansoft high frequency structure simulator (HFSS) is employed to per-
form the eigen-mode analysis. The conﬁguration in simulation is shown in
Fig. 3.1, in which the periodic boundary conditions truncate the unit cell in
the longitudinal direction. Since the ZPSL is an open structure that exhibits
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strong radiation, perfectly matched layers (PMLs) [73] are imposed in all the
transverse directions to mimic the radiation space that extends to inﬁnity.
One type of the commonly used ZPSL unit cells [74] is analyzed with its
structure shown in Fig. 3.2(a). The conventional solid-line unit cell as shown
in Fig. 3.2(b) is also studied for comparison. In the simulations, a real phase
diﬀerence is assumed across the unit cell to solve for a complex frequency.
The dispersion curve of the phase constant β is extracted from the real parts
of the calculated complex frequencies.
Figure 3.3 shows the dispersion curves for the unit cells. Clear cutoﬀ fre-
quency can be observed in the case of the ZPSL unit cell, while the solid-line
unit cell exhibits a linear dispersion relation. The light line represents the
dispersion curve of the electromagnetic wave in free space, wherein the phase
constant is denoted as β0. It is interesting to note that in the plotted fre-
quency range the dispersion curve for the ZPSL unit cell is located in the
fast-wave region with β < β0, but the dispersion curve of the convention-
al solid-line structure exhibits a relatively linear dispersion curve, which is
positioned entirely in the slow-wave region with β > β0.
Since the actual electromagnetic problem is associated with complex prop-
agation constants, the complex frequencies are essentially the mathematical
solutions. It is important to note that the complex frequencies solved using
the eigen-mode solver might not necessarily represent the real physical solu-
tion that exists for the ZPSL [75]. As pointed out in [76], the interactions
between neighboring unit cells and the energy leakage are decoupled in the
complex frequency approach, leading to the clear cutoﬀ frequency observed.
On the other hand, when the dispersion curves reach the vertical axis, the
zero-β points are produced at non-zero frequencies, resulting in the zeroth-
order resonance. Nonetheless, the boundary condition for such zeroth-order
resonance is a short circuit [9, 42], which is diﬃcult to implement with the
ground-less ZPSL structure.
3.3 Dispersion of ZPSL Based on Driven-Mode
Analysis
It is interesting to examine the dispersion behavior of the ZPSL structure
under the commonly applied boundary conditions. Since the ZPSL structures
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have mainly been used in the loop conﬁgurations, the dispersion relation of
a circular loop structure that consists of the ZPSL unit cells is studied. As
shown in Figs. 3.4(a) and (b), the loops are conﬁgured using the unit cells
in Figs. 3.2(a) and (b), respectively. The CST full-wave driven-mode solver
is employed for the analyses. A discrete port is applied in the gap region of
the loops to mimic the actual feeding.
Two approaches are used to obtain the dispersion relations. The ﬁrst
approach makes use of the fact that with the given excitation, current reversal
occurs when the perimeter of a loop exceeds half of the guided wavelength.
For a loop with a ﬁxed number of unit cells, the phase-inversion of the current
ﬂowing along the loop can be observed at a particular frequency. The guided
wavelength at this frequency can be readily determined as twice the perimeter
of the loop, and the phase constant β at this frequency can be calculated as
2π over the guided wavelength, or simpliﬁed as β|f = π/C, where C is the
perimeter of the loop. In this sense, the value of the phase constant of the
loop can be obtained by performing simulations, in which the number of the
unit cells in a loop is varied while keeping the unit cell structure unchanged.
The calculated phase constants of the loops are plotted in Fig. 3.5.
In the second approach, a ZPSL loop consisting of 50 unit cells is simulated,
and discrete Fourier transform is performed on the current ﬂowing along
the loop. The extracted phase constants at diﬀerent frequencies are also
recorded in Fig. 3.5. A solid-line loop with the same perimeter of 2500 mm
is analyzed with the corresponding dispersion points shown in Fig. 3.5. From
the comparison, it is seen that the dispersion diagrams obtained from the two
approaches are in good agreement.
Furthermore, in Fig. 3.5, it is interesting to note that the dispersion curve
for the ZPSL loop is located in the fast-wave region. The ZPSL loop is
characterized by the smaller values of their phase constants, which correspond
to larger guided wavelengths. The current ﬂowing along the ZPSL loop
exhibits a small phase variation as long as the loop perimeter is smaller
than a half of the guided wavelength, and therefore the ZPSL loop can be
electrically large without phase-inversion on the loop.
One phase constant line β = β0/6 is also included in Fig. 3.5. The phase
constant line delimits the regions that have diﬀerent ranges of guided wave-
lengths, and therefore can help determine the upper bound of the perimeter
of the loop that is able to maintain a current ﬂowing along the loop with-
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out phase-inversion. For instance, for a dispersion point that is located to
the right of the phase constant line, the guided wavelength of the current is
smaller than 6λ0, where λ0 is the free-space wavelength at the correspond-
ing frequency. Therefore, for the current along the ZPSL loop to remain
in-phase, the largest perimeter that the ZPSL loop could achieve is less than
3λ0, which is determined as a half of its guided wavelength. On the other
hand, the solid-line loop exhibits a relatively linear dispersion relation in the
slow-wave region. Compared with the ZPSL structure, the solid-line loop has
a much larger phase constant, and its guided wavelength is smaller than λ0,
suggesting that the largest perimeter of the solid-line loop with an in-phase
current is smaller than 0.5λ0. The dispersion behaviors of the ZPSL loop and
the solid-line loop explain the reason behind the fact that the ZPSL loop is
able to achieve a much larger perimeter compared to the solid-line loop, while
still keeping the current ﬂowing along the loop without phase-inversion.
Figure 3.6 compares the dispersion curves of the loops based on the ﬁrst
approach with those obtained from the unit cells in Section 3.2. It can
be observed that the dispersion curve of the ZPSL loop obtained from the
driven-mode analysis deviates from the one based on the eigen-mode analysis
as β decreases. The large deviation close to the point of the zeroth-order
resonance could be attributed to the diﬀerent boundary conditions in the
loop structure. Nevertheless, it is interesting to note that the dispersion
curves of the ZPSL structures calculated from the two methods become close
to each other when they are away from the clear edge of the cutoﬀ frequency.
The reason is that when the phase constant of the ZPSL loop increases, the
guided wavelength decreases and the largest perimeter that the ZPSL loop
can achieve with in-phase current also decreases, reducing the number of the
ZPSL unit cells that are used to form the loop. It essentially alleviates the
eﬀects of the interaction between neighboring unit cells and the overall energy
leakage, and therefore the dispersion curve of the ZPSL loop approaches the
corresponding dispersion curve from the eigen-mode analysis.
3.4 Equivalent Circuits of ZPSL Structures
In this section, the equivalent circuits of the ZPSL structures are constructed
and studied to gain further physical insight into these structures as well as
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to aid the design process. Since the ZPSLs operate in a single-line fashion,
an equivalent circuit similar to that of a single-wire transmission line could
be built with additional series capacitors.
In Fig. 3.7, a unit cell of the ZPSL with a fork-shaped distributed capacitor
is modeled with lumped circuit components. Here, two circuit models are
proposed and applied to analyze the dispersion characteristics that match
the results in Sections 3.2 and 3.3, respectively. These circuit models are
similar to the one presented in [42]; however, the physical meaning of the
shunt capacitor is totally diﬀerent. In [42], the equivalent circuit was con-
structed to model a periodically modiﬁed parallel plate waveguide that has
a virtual ground plane located close to the waveguide. In our circuit mod-
els, in contrast, no such a ground plane exists close to the single-line ZPSL
structures, so the shunt capacitors represent the capacitance that is deduced
from the electric ﬁeld between the metal plate of the ZPSL and the ground
at inﬁnity [77].
The shunt capacitor CR is given by [78]
CR =
8ε√
π
√
A, (3.1)
where A is the area of the metal strips in the unit cell. The series circuit
elements LR, R1, and CL are obtained through an energy-based circuit pa-
rameter extraction method using the eigen-mode analysis [79]. The Ansoft
HFSS is employed to perform the eigen-mode analysis with the same conﬁg-
uration in simulation as shown in Fig. 3.1, in which the phase shift between
the periodic boundaries is set to zero. The stored energy and the radiated
power are calculated and used to compute the equivalent circuit components.
The values of the circuit components are summarized in Table 3.1. All the
values of the lumped circuit components in the ﬁrst equivalent circuit can be
computed and extracted. For the second equivalent circuit as shown in Fig.
3.7(c), the values of CR, LR, and CL are the same as in the ﬁrst equivalent
circuit in Fig. 3.7(b), but the circuit elements R2 and G are tuned to produce
a dispersion curve that ﬁts the results of the eigen-mode analysis in Section
3.2. The dispersion curves from the two equivalent circuit models are cal-
culated using ADS and plotted in Fig. 3.8, in which the dispersion relations
of the structures from Sections 3.2 and 3.3 are also included for comparison
purpose.
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Comparing the result of the ﬁrst equivalent circuit and that based on the
driven-mode approach, it can be observed that the two dispersion curves are
close to each other, especially when β is small. Moreover, the resistance R1
represents the radiation of the structure into free space. It is important to
note that the radiation resistance R1 is assumed to be constant in the cir-
cuit model, but it is frequency-dependent in the real structure. Nevertheless,
the ﬁrst equivalent circuit model under this assumption produces the result
reasonably close to that of the structure in the small β region, which is the
desired operating range of the ZPSL loop antenna. At higher frequencies,
the dispersion curve obtained from the equivalent circuit model deviates from
that of the structure. This could be attributed to the fact that the curvature
eﬀects of the unit cell on the ZPSL loop are taken into consideration in the
dispersion curve based on the driven-mode analysis, whereas the equivalent
circuit model does not include such eﬀects. As frequency increases, the cur-
vature of the ZPSL loop that is utilized in obtaining the dispersion point
increases, leading to a larger diﬀerence between the two results. Another
possible reason for the increasing deviation is that the electrical size of the
same unit cell structure increases as frequency increases, leading to an im-
precise eﬀective medium approximation. Moreover, the radiation resistance
might deviate signiﬁcantly at higher frequencies.
On the other hand, it can be observed that the second equivalent circuit
produces the dispersion curve that ﬁts the one obtained from the eigen-mode
analysis. However, it is remarked that while all the other circuit elements in
the second equivalent circuit have actual physical meanings, the additional
shunt conductance G does not correspond to the actual physical structure of
the ZPSL cell. In fact, this conductance essentially blocks the eﬀects of the
shunt capacitor in the circuit, manifesting the series resonance of LR and CL.
It also implies the deviation of the solution between the eigen-mode analysis
and the driven-mode analysis, which is closer to the actual setup.
3.5 Enlargement of ZPSL Loop Antennas
Based on the dispersion analysis in Section 3.3, one can ﬁnd the largest
achievable perimeter of a ZPSL loop without any current reversal. It is
therefore useful to employ the dispersion analysis in the design process of
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the ZPSL loop antenna to explore the upper limit of the loop size with an
in-phase current that can achieve the desired uniform ﬁeld distribution.
To start with, the square-shaped ZPSL loop antenna [32] that consists of
the fork-shaped distributed capacitors is studied. The physical conﬁguration
of the ZPSL unit cell in the loop antenna is shown in Fig. 3.9(a). The disper-
sion behavior is displayed in Fig. 3.10, where three dispersion points around
915 MHz are calculated for the ZPSL square loop. It can be observed that the
dispersion point of the square loop is located to the left of the phase constant
line of β = β0/4 at 915 MHz, which indicates that the guided wavelength
at this frequency is approximately 4λ0, and therefore the perimeter of the
square loop could be as large as a half of the guided wavelength, namely 2λ0,
without current reversal. This observation agrees with the practical antenna
design very well, as the square loop has a perimeter of 646.4 mm, which is
equal to 1.97 times the free-space wavelength at 915 MHz. It demonstrates
that the dispersion curve of the ZPSL loop can be used to ﬁgure out the
upper limit on the length of the ZPSL loop antenna.
Two fork-shaped ZPSL unit cells are designed as shown in Figs. 3.9(b) and
(c). Similarly, three dispersion points around 915 MHz are calculated for each
of the ZPSL square loops that consist of the newly proposed unit cells. In Fig.
3.10, it can be seen that compared with the original square loop in [32], both
of the new loops exhibit a smaller β at 915 MHz, and the second square loop
has the smallest β. This implies that the two designed ZPSL structures can
be used to conﬁgure larger loops without current reversal. Their dispersion
points are close to the phase constant lines of β = β0/5 and β = β0/6 at
915 MHz, suggesting that the perimeters of the corresponding ZPSL loop
antennas can be up to 2.5λ0 and 3λ0 at the frequency of interest without
current reversal.
Two square ZPSL loop antennas are constructed based on the two proposed
ZPSL unit cells. The input impedance matching networks following the de-
sign in [32] are shown in Fig. 3.11(a). The printed parallel-line impedance
matching stubs are used, the eﬀects of which were studied parametrically
in [39]. The detailed dimensions of the input matching networks of the two
antennas are tabulated in Table 3.2. The geometries of the two square ZP-
SL loop antennas are shown in Figs. 3.11(b) and (c), respectively. In both
designs, the ZPSL unit cells are positioned along the square sides with an
identical separation except for the two unit cells close to the antenna input
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port, where the separation is diﬀerent from the others for the purpose of
impedance matching. The two loops have a perimeter of 800 mm and 969.6
mm, which correspond to 2.44λ0 and 2.96λ0 at 915 MHz, respectively.
Figure 3.12 shows the reﬂection coeﬃcients of the three ZPSL loop anten-
nas. It can be seen that all three designs exhibit the reﬂection coeﬃcients of
less than −10 dB at 915 MHz.
Figure 3.13 shows the current and the magnetic ﬁeld distributions of the
proposed antennas. An in-phase current is observed in all the designs. Note
that the magnitude of the current diﬀers among the three antennas. As
shown in Fig. 3.13(e), the largest ZPSL loop, namely the second design, has
the smallest magnitude of the current. It can be seen from Fig. 3.14(a) that
the |Hz| distributions along the x-axis are relatively uniform for the three
ZPSL loops because of the in-phase currents along the loops and the sym-
metry of the loop structures about the y-axis. In Fig. 3.14(b), the magnetic
ﬁeld distributions along the y-axis are shown to be less uniform, which is
attributed to the unequal amplitude of the current on each side of the an-
tenna, in particular, the much stronger current on the side connected to the
feed-line than its opposite side. The larger the loop, the more uneven the
magnetic ﬁeld distribution.
There exists a trade-oﬀ between the area of the interrogation zone and the
magnetic ﬁeld distribution, as well as the magnetic ﬁeld intensity as pointed
out in [37]. The ﬁrst design has an enlarged loop perimeter compared with
that of the original design and exhibits an acceptable magnetic ﬁeld distri-
bution in the interrogation zone. Therefore, it is prototyped and measured
to further validate the analysis methodology.
Based on the case study of the ZPSL loop antennas, a design guideline is
summarized for the ZPSL loop antenna as below.
Step 1. Tune the physical parameters of the unit cell used in the loop
structure to vary the dispersion point closest to the operating frequency;
Step 2. Estimate the largest perimeter that the loop with a proposed ZPSL
unit cell structure can achieve based on the dispersion point closest to the
operating frequency;
Step 3. Determine the design of the ZPSL unit cell based on desired loop
size; and
Step 4. Conﬁgure the entire structure including the input matching net-
work.
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3.6 Antenna Implementation and Measurement
The ﬁrst design is fabricated and measured as an example. The impedance
matching measurement of the antenna is performed using an Agilent E5230A
vector network analyzer. Figure 3.15 shows the simulated and measured
reﬂection coeﬃcients of the fabricated ZPSL loop antenna. The antenna
exhibits a broadband impedance bandwidth ranging from 710 MHz to 980
MHz, or 29.5%, with the reﬂection coeﬃcient less than −10 dB. The mea-
sured result agrees well with the simulated one, and the diﬀerence between
the two results can be attributed to fabrication errors, in particular, the
divergence in the substrate thickness. The magnetic ﬁeld distributions are
measured using a self-built near-ﬁeld scanning system at the Institute for
Infocomm Research, Singapore. As shown in Fig. 3.16, the near-ﬁeld mag-
netic ﬁeld probe (Langer EMV-Technik RF-R 3-2) scans along the x- and the
y-directions with an interval of 5 mm in the xy-plane at a certain distance
above the antenna.
Figure 3.17 displays the measured magnetic ﬁeld distributions |Hz| of the
antenna at 895 MHz, 915 MHz, and 940 MHz in the plane with a distance
of 10 mm (z = 10 mm) away from the antenna surface. The simulated
and measured magnetic ﬁeld distributions are also compared, showing good
agreement. Due to the unbalanced feeding applied in the measurement, the
measured magnetic ﬁeld distributions along the x-axis are not as uniform
as the simulated results despite the symmetry of the loop antenna in this
direction. Further improvement could be achieved by employing a balanced
feeding network in the antenna design.
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3.7 Figures and Tables
Figure 3.1: The simulation conﬁguration of the eigen-mode analysis.
Figure 3.2: Unit cells for the eigen-mode analysis: (a) the ZPSL; and (b)
the solid line.
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Figure 3.3: Dispersion curves of the ZPSL and the solid line.
Figure 3.4: Conﬁgurations of the loops: (a) the ZPSL loop; and (b) the
loop with the solid line.
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Figure 3.5: Dispersion curves of the ZPSL loop and the solid-line loop.
Figure 3.6: Comparison of the dispersion curves.
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Figure 3.7: Equivalent circuits of the ZPSL unit cell: (a) the conﬁguration
of the ZPSL unit cell; (b) the equivalent circuit with the dispersion curve
matched to the driven-mode analysis; and (c) the equivalent circuit with
the dispersion curve matched to the eigen-mode analysis.
Figure 3.8: Dispersion curves of the ZPSL structures.
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Figure 3.9: The ZPSL unit cells: (a) the structure from [32]; (b) the
structure of the ﬁrst design; and (c) the structure of the second design.
Figure 3.10: Dispersion plots of the ZPSL structure from [32], the ﬁrst
design, and the second design.
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Figure 3.11: (a) The impedance matching network comprising of
parallel-line stubs. The entire square loops with impedance matching
networks: (b) the ﬁrst design; and (c) the second design.
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Figure 3.12: Reﬂection coeﬃcients of the ZPSL loop antenna [32], the ﬁrst
design, and the second design.
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Figure 3.13: Current distribution of the ZPSL loop antennas at 915 MHz:
(a) the ZPSL loop antenna from [32]; (c) the ﬁrst design; and (e) the
second design. Magnetic ﬁeld distribution (z = 0 mm) of the ZPSL loop
antennas at 915 MHz: (b) the ZPSL loop antenna from [32]; (d) the ﬁrst
design; and (f) the second design.
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Figure 3.14: |Hz| ﬁeld distribution of the loop antennas at z = 0 mm: (a)
along the x-axis; and (b) along the y-axis.
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Figure 3.15: The measured and simulated reﬂection coeﬃcients of the
designed ZPSL loop antenna prototype.
Figure 3.16: The near-ﬁeld measurement setup for the ZPSL loop antenna.
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Figure 3.17: The simulated and measured magnetic ﬁeld distributions at z
= 10 mm: (a) at f = 895 MHz; (b) at f = 915 MHz; and (c) at f = 940
MHz.
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Table 3.1: Circuit Elements for the Equivalent Circuit Models
CL (fF) CR (fF) LR (nH) R1 (Ω) R2 (Ω) G (S)
473.7 341.4 66.6 72.3 165 10
Table 3.2: Dimensions for the Input Matching Networks
Width (mm) W1 W2 W3 W4 W5 W6 W7
The First Design 1 1.5 0.5 1 1.5 0.5 1
The Second Design 2 2.5 3 2 2.5 3 2
Length (mm) L1 L2 L3 L4 L5 L6 L7
The First Design 2 5 6 5 4 6 4
The Second Design 1 3 8 3 3 7 5
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CHAPTER 4
DESIGN OF PERIODIC AND
NONPERIODIC ZPSL LOOP ANTENNAS
4.1 Introduction
In this chapter, dispersion analysis is employed to thoroughly analyze the
dispersion characteristics, based on which a periodic ZPSL loop antenna with
uniformly spaced unit cells is designed and a nonperiodic ZPSL loop antenna
with nonuniformly arranged unit cells is proposed. This chapter is organized
as follows. In Section 4.2, full-wave simulations are performed to extract the
dispersion relations, including the phase and attenuation constants, of the
ZSPL structures. A parametric study is performed to study the dispersion
characteristics as a function of the length of the ZPSL unit cell. Section 4.3
presents an improved design of a periodic ZPSL loop antenna with uniformly
distributed unit cells. In Section 4.4, a nonperiodic ZPSL loop antenna with
nonuniformly spaced unit cells is proposed. In Section 4.5, the equivalent
circuits of the ZPSL loop designs are presented. Section 4.6 compares the
simulation and measurement results of three fabricated designs.
4.2 Full Dispersion Characterization
One common approach to performing the dispersion analysis of one-dimensional
inﬁnite structure is based on the simulation of a single unit cell of the struc-
ture [8]. However, this approach does not fully take into account the mutual
coupling between unit cells, and its assumption of an inﬁnite structure could
lead to inaccurate results when considering an actual ﬁnite structure. In [50],
the mutual coupling eﬀects of the loop structure were taken into account by
simulating the actual ZPSL loop consisting of identical unit cells. Howev-
er, since only one excitation port was applied, the dispersion relation of the
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attenuation constant was not extracted.
For a full dispersion characterization, the approach outlined in [80] is
adopted in this work. We consider a circular ZPSL loop shown in Fig. 4.1(a)
that consists of N identical unit cells, whose conﬁguration is depicted in Fig.
4.1(b). The CST full-wave driven-mode solver is employed for the analysis.
Two waveguide ports are set across the gap region on the right-hand side of
the loop. The overall ABCD matrix TN of the N -cell loop structure can be
obtained. If the ABCD matrix T of one single unit cell is assumed to include
the coupling eﬀects, it is related to TN as TN = T
N . The matrix T and the
wavenumber k of the propagating wave along the periodic structure can be
related as [8]:
⎡
⎣Vn
In
⎤
⎦ = T
⎡
⎣Vn+1
In+1
⎤
⎦ = exp (−jkL)
⎡
⎣Vn+1
In+1
⎤
⎦ , (4.1)
where L is the length of the unit cell, [Vn, In] and [Vn+1, In+1] are the voltages
and currents on the two sides of the unit cell n. Since the term exp (−jkL) is
the eigenvalue of the ABCD matrix T , the wavenumber k can be obtained by
extracting the Nth root of the eigenvalues of the overall ABCD matrix TN
in the complex plane. However, such an extraction process introduces some
spurious solutions. In [80], the structures with diﬀerent lengths are simulated,
and the extracted results are compared against each other to eliminate the
spurious solutions. Since the curvature of the ZPSL loop changes with the
value of N , two ZPSL loops with N and N + 1 unit cells are simulated to
minimize the eﬀects of the change in the curvature.
With the adopted approach, it is possible to study the eﬀects of the phys-
ical parameters of a ZPSL unit cell on its dispersion characteristics. The
length of the ZPSL unit cell, denoted as L, is chosen as the only varying
design parameter, with the distributed capacitor kept the same as in Fig.
4.1(b). To properly determine the actual loop curvature, a design target is
set such that the ﬁnal ZPSL loop antenna has a perimeter around 700 mm.
For each value of the cell length L, two circular ZPSL loop structures with
respective perimeters of NL and (N +1)L are simulated such that the value
of 700 mm is in the range of [NL, (N +1)L]. The dispersion relations of ﬁve
designs of ZPSL unit cell with diﬀerent lengths are extracted and shown in
Fig. 4.2, where k0 represents the phase constant of the electromagnetic wave
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in the free space. It can be observed that with an increasing L, the attenua-
tion constant of the ZPSL cells decreases while the phase constant increases.
Since the same distributed capacitor is adopted in all ﬁve designs, the ra-
diation due to the discontinuities of the capacitor remains unchanged with
respect to L. As the attenuation is mainly contributed by the radiation, the
attenuation constant decreases with an increasing L. The phase constant of
the ZPSL unit cell essentially determines the largest perimeter of the corre-
sponding ZPSL loop that can be realized with an in-phase current [50]. The
attenuation constant aﬀects the magnitude of the current, which inﬂuences
the overall magnetic ﬁeld distribution. In this sense, the dispersion relations
can quantify the important tradeoﬀ in the design of a ZPSL loop antenna
for near-ﬁeld applications.
4.3 Design of Periodic ZPSL Loop Antenna
The dispersion characteristics obtained can be used to design ZPSL loop an-
tennas. We ﬁrst consider a periodic ZPSL loop antenna, whose conﬁguration
is illustrated in Fig. 4.3. The ZPSL loop consists of N identical unit cells,
two curved solid lines with a central angle of Ls/R each, and two straight
solid lines. The dimensions of both the curved and straight solid lines can
be tuned for the purpose of input impedance matching.
The dispersion information extracted in Section 4.2 is applied in the design
of the periodic ZPSL loop antenna. The perimeter of the design is set to be
700 mm, or 2.135 λ0 at 915 MHz, in which λ0 is the free-space wavelength.
Based on the dispersion of the phase constant, the loop that consists of the
design of the ZPSL unit cell with a length of 80 mm achieves an in-phase
current with the largest perimeter only up to 1.25 λ0 at the frequency of
interest, which does not satisfy the size requirement for the ﬁnal design;
while all the other four designs of ZPSL unit cell with L = 10, 20, 40, 64
mm as shown in Fig. 4.2 can fulﬁll this requirement. These four ZPSL unit
cell designs are then applied to construct four periodic ZPSL loop antennas
with uniformly distributed unit cells. The dimensions of the four ZPSL loops
with diﬀerent unit cell designs are listed in Table 4.1.
Figure 4.4 shows the simulated current distributions of the four ZPSL
loops. It is observed that all four designs feature an in-phase current distri-
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bution, as predicted by the dispersion relation of the phase constant of the
constituent ZPSL unit cells. The attenuation in the magnitude of the current
also follows the attenuation properties of the ZPSL cells. Since the atten-
uation constant of the ZPSL cells decreases with an increased cell length,
Designs C and D exhibit a more uniform and stronger current distribution
along the loop. Since both the phase and attenuation constants aﬀect the
current distribution along the loop, the current in Design C is more uniform-
ly distributed as compared with that of Design D. Figure 4.5 compares the
magnetic ﬁeld distributions of the four designs. It is observed that Design
C shows the most uniform and enhanced magnetic ﬁeld distribution as com-
pared with the other three designs. Therefore, Design C is chosen as the
improved design.
4.4 Design of Nonperiodic ZPSL Loop Antenna
Although Design C in Section 4.3 achieves an enhanced magnetic ﬁeld dis-
tribution as compared with the other designs, its current distribution is still
not optimal. In order to realize a more uniform current distribution along an
electrically large ZPSL loop, it is desirable that the constituent unit cells fea-
ture a small attenuation constant besides a small phase constant. However,
as the dispersion characteristics in Fig. 4.2 suggest, a decreasing attenuation
constant is accompanied with an increasing phase constant, which imposes
a tradeoﬀ in the design of periodic ZPSL loop antennas. In order to bal-
ance the design tradeoﬀ, a nonperiodic ZPSL loop is proposed to improve
the current distribution and to further enhance the near-ﬁeld distribution.
In the proposed nonperiodic design, a nonuniform arrangement of the ZPSL
unit cells is adopted, which essentially brings in a greater design freedom in
manipulating the current distribution along the loop.
Nonuniform arrangements of unit cells have been applied to control the far-
ﬁeld radiation patterns [81, 82]. In [81], a leaky wave antenna with nonuni-
formly distributed unit cells was proposed to suppress sidelobe levels. In [82],
a nonperiodic loop antenna with mu-negative metamaterial unit cells was in-
vestigated to realize a unidirectional radiation.
Before constructing the nonperiodic ZPSL loop antenna, the constituent
ZPSL unit cells with the same distributed capacitor as in Fig. 4.1(b) are
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characterized. The variation in the lengths of the ZPSL unit cells is restricted
to the range of [40 mm, 80 mm], such that the attenuation constants of the
cells are limited in the desired frequency range. The dispersion relations of
six ZPSL unit cells so characterized are plotted in Fig. 4.6, and exhibit the
same trend as observed in Fig. 4.2.
The conﬁguration of the proposed nonperiodic ZPSL loop that consists of
unit cells with varying lengths is shown in Fig. 4.7. Similar to the periodic
ZPSL loops presented in Section 4.3, the nonperiodic ZPSL loop also includes
two pairs of curved and straight solid lines for input impedance matching.
The structure is symmetric about the x-axis. Based on the dispersion charac-
teristics of the unit cells, the unit cells along the upper half loop are arranged
with a decreasing unit cell length, such that the corresponding phase con-
stant decreases and the attenuation constant increases when moving away
from the input excitation. In this fashion, the nonperiodic design is able to
avoid a large attenuation of the current close to the excitation that occurs
in Designs A, B, and C, and also reduces the signiﬁcant drop in the current
magnitude along the parts that are further away from the excitation as in
Design D.
Figure 4.8 shows the distributions of the current and the magnetic ﬁeld
of the nonperiodic ZPSL loop. It is observed that the ﬂowing current has
a more uniform distribution compared with the distributions of the four
periodic ZPSL loop designs shown in Fig. 4.4.
A more detailed comparison between the nonperiodic ZPSL loop and the
improved periodic ZPSL loop is shown in Fig. 4.9. It can be seen that
the nonperiodic design exhibits an enhanced magnetic ﬁeld distribution as
compared with the improved periodic ZPSL loop.
4.5 Equivalent Circuits of ZPSL Loops
It is interesting to study the equivalent circuits of the ZPSL loops in order to
characterize the periodic and nonperiodic designs, and to provide convenience
for future system design. The equivalent circuits of the ZPSL unit cells are
ﬁrst extracted. In Fig. 4.10(a), a ZPSL unit cell that has been utilized in
the design of the ZPSL loops is modeled with lumped circuit components.
The extraction of the circuit components follows the same procedure as in
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Section 3.4. An energy-based circuit parameter extraction method is used
to compute the values of the series circuit components [79], while the shunt
capacitor is calculated by Equation (3.1).
Six ZPSL unit cells that have been utilized in the design of the improved
periodic ZPSL loop and the nonperiodic ZPSL loop are analyzed. The ex-
tracted values of the circuit components are summarized in Table 4.2. ADS
is used to compute the dispersion curves from the equivalent circuit models.
It should be noted that the resistance in the equivalent circuit represents
the radiation of the ZPSL unit cells, which is frequency dependent [50]. The
values of R are tuned such that the phase constant of the equivalent circuit
matches that of the corresponding ZPSL unit cell at 915 MHz. The attenua-
tion and phase constants of the six extracted equivalent circuits are plotted
in Fig. 4.11. It can be observed that the dispersion relations of the extract-
ed equivalent circuits follow the same trend as that of the actual structure
shown in Fig. 4.6.
Based on the extracted equivalent circuits of the constituent ZPSL cells,
the equivalent circuits of the ZPSL loop designs can be constructed. The
input matching sections that include the curved and straight solid lines are
modeled using lumped circuit elements as shown in Fig. 4.10(b). The shunt
capacitor CI is computed in the same manner as CR given in Equation (3.1).
The series inductor LI can be obtained using the formula of the DC self-
inductance of a metallic rectangular strip [83]:
LI = 0.2l
[
ln(
2l
w + t
) + 0.5 +
w + t
3l
]
, (4.2)
where LI is the inductance in nH, and l, w, and t are the length, width, and
thickness of the strip in mm.
The equivalent circuits of the ZPSL loops are constructed as shown in Fig.
4.10(c), with the input matching equivalent circuits shown in Fig. 4.10(b)
and the equivalent circuits of the cells given in Fig. 4.10(a). The equivalent
circuit of the improved periodic ZPSL loop includes the equivalent circuits of
the 16 identical ZPSL unit cells with L = 40 mm. The one for the nonperiodic
ZPSL loop contains the equivalent circuits for 12 unit cells, corresponding to
those listed in Table 4.2. The reﬂection coeﬃcients are computed using the
constructed equivalent circuits of the ZPSL loops with ADS. The inductor
LI of the input matching sections is ﬁne-tuned such that the positions of the
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resonances match those of the actual structure, which have been obtained in
CST. The values of the input matching equivalent circuit components in the
ZPSL loops are shown in Table 4.3. The resistanceR in the equivalent circuits
of the ZPSL cells is also tuned to match the magnitude of the reﬂection
coeﬃcients at resonance.
The reﬂection coeﬃcients computed with the equivalent circuits using ADS
are compared with those of the full-wave CST in Fig. 4.12. The results
from the two approaches match well with each other. Compared with the
periodic ZPSL loop, the nonperiodic ZPSL loop has a much wider input-
matching bandwidth. Based on the comparison, it can be concluded that
the wideband performance of the nonperiodic ZPSL loop is attributed to the
inclusion of the ZPSL unit cells with varying lengths. It is noted that a
wideband performance of the loop antenna with mu-negative metamaterial
unit cells was also reported in [82], but it was achieved with an additional
resonance strip.
4.6 Antenna Implementation and Measurement
Based on the analysis and design considerations discussed above, three ZPSL
loop antennas are fabricated and measured in this work, which include Design
I: a periodic ZPSL loop with unit cell length of 20 mm; Design II: an improved
periodic ZPSL loop with unit length of 40 mm; and Design III: a nonperiodic
ZPSL loop.
The impedance matching measurement of the antennas is carried out using
an Agilent E5230A vector network analyzer. Figure 4.13 shows the simulated
and measured reﬂection coeﬃcients of the three antennas. The eﬀects of the
SubMiniature version A (SMA) connector are also included in the simula-
tion results, which become slightly diﬀerent from those in Fig. 4.12. Design
I achieves −10 dB reﬂection coeﬃcients from 857 to 995 MHz, or 14.9%. De-
sign II realizes a similar impedance bandwidth in the range from 841 to 982
MHz, or 15.5%. However, the nonperiodic ZPSL loop in Design III exhibits a
wide impedance bandwidth spanning from 702 to 1455 MHz, or a fractional
bandwidth of 69.8%.
The magnetic ﬁeld measurement and tag-reading tests are carried out as
well to examine the near-ﬁeld performance of the antennas. In Fig. 4.14(a),
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the self-built near-ﬁeld scanning system is employed to measure the magnetic
ﬁeld distribution. The near-ﬁeld magnetic ﬁeld probe (Langer EMV-Technik
RF-R 3-2) scans in the xy-plane that is parallel to the antenna surface, with
an interval of 5 mm along the x- and y-directions.
The measured magnetic ﬁeld |Hz| distributions at 915 MHz of the three
designs are shown in Fig. 4.15. The probe scans in the xy-planes at the
distance of 10 mm, 20 mm, and 40 mm above the antennas. It can be
observed that both Designs II and III exhibit a more uniform and stronger
magnetic ﬁeld distribution as compared with Design I.
Figure 4.16 compares the simulated and measured magnetic ﬁeld distri-
butions. It can be observed that the measured ﬁeld distributions and the
simulated ones agree very well with each other.
To further verify the performance of the antennas, tag-reading rate tests
are performed. Figure 4.14(b) shows the conﬁguration of the test. The
antenna is connected to an Impinj Speedway reader that works at the UHF
frequencies of 865 to 956 MHz. The output power of the reader is set to
be 30 dBm. The tag-reading rate tests utilize the SAG round inlay tags
with a diameter of 18 mm, which is shown in the inset of Fig. 4.17. On
a circular Styrofoam with an area equal to that of the internal loop region
of the antennas, 100 SAG tags are randomly distributed as pictured in Fig.
4.14(b).
Figure 4.17 displays the measured reading rate of the SAG tags against
the reading range for the three antennas. It can be observed that Design
I cannot detect all the tags even when the tags are placed directly on the
antenna surface. Design II achieves a 100% reading rate with a maximum
reading distance of 25 mm. Design III is able to detect all the tags at a
reading range up to 40 mm. It can be concluded that the nonperiodic ZPSL
loop in Design III achieves a signiﬁcantly better performance as compared
with the periodic ZPSL loops in Designs I and II.
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4.7 Figures and Tables
Figure 4.1: (a) A circular ZPSL loop that consists of N unit cells; and (b)
ZPSL unit cell structure (unit: mm).
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Figure 4.2: Dispersion relations with diﬀerent unit cell lengths considered:
(a) attenuation constant; and (b) phase constant.
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Figure 4.3: Conﬁguration of a ZPSL loop antenna with identical unit cells.
Figure 4.4: Simulated current distributions of the four periodic ZPSL loop
designs at 915 MHz: (a) Design A; (b) Design B; (c) Design C; and (d)
Design D.
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Figure 4.5: Simulated magnetic ﬁeld distributions at z = 10 mm at 915
MHz: (a) along the x-axis; and (b) along the y-axis.
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Figure 4.6: Dispersion relations with diﬀerent unit cell lengths considered:
(a) attenuation constant; and (b) phase constant.
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Figure 4.7: Conﬁguration of the nonperiodic ZPSL loop with unit cells of
varying lengths (unit: mm).
Figure 4.8: (a) Current distribution; and (b) magnetic ﬁeld distribution (z
= 0 mm) of the nonperiodic ZPSL loop antenna at 915 MHz.
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Figure 4.9: Simulated magnetic ﬁeld distributions at z = 10 mm at 915
MHz: (a) along the x-axis; and (b) along the y-axis.
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Figure 4.10: Equivalent circuits of the ZPSL structures: (a) ZPSL unit cell;
(b) input matching circuit; and (c) ZPSL loop.
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Figure 4.11: Dispersion relations of the extracted equivalent circuits: (a)
attenuation constant; and (b) phase constant.
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Figure 4.12: Simulated reﬂection coeﬃcients of the ZPSL loops: (a)
proposed periodic ZPSL loop; and (b) nonperiodic ZPSL loop.
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Figure 4.13: The measured and simulated reﬂection coeﬃcients of the three
fabricated designs.
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Figure 4.14: (a) Near-ﬁeld measurement setup; and (b) tag-reading rate
test setup.
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Figure 4.15: Measured magnetic ﬁeld distributions of the ZPSL loop
antennas at 915 MHz: (a) Design I: z = 10 mm; (b) Design I: z = 20 mm;
(c) Design I: z = 40 mm; (d) Design II: z = 10 mm; (e) Design II: z = 20
mm; (f) Design II: z = 40 mm; (g) Design III: z = 10 mm; (h) Design III: z
= 20 mm; and (i) Design III: z = 40 mm.
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Figure 4.16: Simulated and measured magnetic ﬁeld distributions along the
x- and y-axes in the plane of z = 10 mm at f = 915 MHz: (a) Design I; (b)
Design II; and (c) Design III.
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Figure 4.17: Measured reading rate against reading range of the ZPSL loop
antennas.
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Table 4.1: Dimensions for Periodic ZPSL Loops with Identical Unit Cells
Four Designs Design A Design B Design C Design D
N 60 31 16 11
L (mm) 10 20 40 64
Ls (mm) 50 40 30 −2
Li (mm) 10 15 15 23
Wi (mm) 0.5 1 2.5 0.2
R (mm) 111.6 111.6 111.6 111.6
Table 4.2: Extracted Lumped Circuit Values of Six ZPSL Unit Cells
Six ZPSL Cells LR (nH) R (Ω) CL (fF) CR (fF)
L = 40 mm 39.8 12.9 403.9 390.0
L = 46 mm 42.2 26.7 456.2 419.6
L = 52 mm 45.8 31.9 493.7 447.3
L = 58 mm 48.6 58.3 539.1 473.3
L = 64 mm 51.6 125.0 580.2 497.9
L = 80 mm 57.7 185.1 709.0 558.4
Table 4.3: Extracted Lumped Circuit Values of Two ZPSL Loops
Two ZPSL Loops LI (nH) CI (fF) N
Periodic Loop 47.2 421.5 16
Nonperiodic Loop 35.2 437.8 12
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CHAPTER 5
AN ARTIFICIAL MAGNETIC
CONDUCTOR (AMC) BACKED ZPSL
LOOP ANTENNA
5.1 Introduction
This chapter focuses on the design of a directional ZPSL grid-loop antenna
backed by an artiﬁcial magnetic conductor (AMC) to achieve a uniform and
strong magnetic ﬁeld distribution over an electrically large interrogation zone
for near-ﬁeld wireless systems. In Section 5.2, a ZPSL grid-loop antenna is
designed to eﬀectively improve the uniformity of the magnetic ﬁeld distribu-
tion of the enlarged ZPSL loop with a simple feeding network. Section 5.3
designs and analyzes AMC structures based on dispersion analysis. The AM-
C reﬂector is designed to achieve a wide bandwidth without much increasing
the cost and weight of the antenna. In Section 5.4, the designed AMC struc-
ture is applied as a reﬂector of the ZPSL grid-loop antenna to enable the
directional near-ﬁeld distribution and make the antenna low proﬁle. Section
5.5 compares the simulation and measurement results of the AMC backed
ZPSL grid-loop antenna.
5.2 Design of ZPSL Grid-Loop Antenna
The proposed ZPSL grid-loop antenna is shown in Fig. 5.1. A Cartesian
coordinate system is deﬁned such that the grid loop lies in the xy-plane and
the center of the loop is located at the origin of the coordinate system. The
grid-loop structure comprises a square-shaped loop and a grid line, both of
which consist of identical ZPSL unit cells. The detailed geometry of a ZPSL
unit cell is depicted in Fig. 5.1. The parallel-line sections in a unit cell act as
a distributed capacitor, which is in series with the inductance of the solid-line
sections, and therefore a very small phase shift can be achieved across the
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ZPSL unit cell. The internal region of the loop has an area of 200 mm ×
200 mm. An impedance matching network including parallel-line matching
stubs is adopted to match the antenna to a 50-Ω feed. The substrate is FR4
printed circuit board (PCB) with a thickness of 0.8128 mm.
The grid-loop design can be considered as two smaller adjacent loops shar-
ing the grid line as a common side. A ZPSL loop antenna without the grid
line is used as a reference. Figure 5.2 shows the simulated current distri-
bution of the reference antenna and that of the grid-loop structure at 915
MHz, both of which have identical internal interrogation zones of 200 mm ×
200 mm. As shown in Fig. 5.2(a), an in-phase current ﬂows along a single
closed loop of the reference antenna. In Fig. 5.2(b), however, one observes
that the currents ﬂowing on the two adjacent loops are out-of-phase (i.e. in
opposite directions), and exhibit a similar current distribution to that of the
1×2 grid-array antenna in [40]. Compared to the design in [40], the proposed
grid-loop design is signiﬁcantly simpliﬁed without a complicated feeding net-
work, which eases the antenna design, reduces the overall size of the antenna,
and results in a smaller feeding network loss.
A parametric study is carried out to investigate the eﬀects of the position
of the grid line on the magnetic ﬁeld distribution of the proposed design. The
grid line section is placed at diﬀerent locations inside the ZPSL loop, which
is controlled by L1. Figure 5.3 shows the magnetic ﬁeld distributions of the
reference antenna and the ZPSL grid-loop antennas with diﬀerent L1 at 915
MHz. It is observed that the position of the grid line aﬀects the magnetic ﬁeld
distribution, especially along the y-axis. In the study, the optimal magnetic
ﬁeld distribution along the y-axis is achieved when L1 is 61.25 mm. The
increased magnetic ﬁeld intensity along the x-axis can be observed with an
increasing L1, because the magnetic ﬁeld strength is enhanced near the grid
line. The results of adding the grid line show an improvement in the magnetic
ﬁeld distribution compared with that of the reference ZPSL loop.
5.3 Design of Compact Wideband AMC Reﬂector
The square AMC reﬂector that consists of 100 unit cells is shown in Fig.
5.4(a). Each unit cell comprises four spiral branches. The symmetric struc-
ture ensures the same reﬂection phase response in the x- and y-directions [84].
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Such intertwined spiral conﬁgurations have been shown to exhibit wideband
AMC properties with a small unit cell size [85].
Figures 5.4(b) to (g) show the unit cells of three AMC designs. Each unit
cell occupies a square area of 25.5 mm × 25.5 mm. The ﬁrst two designs
have an air layer in-between the FR4 substrate and the ground. Adding
the air layer is an eﬀective approach to enhance the bandwidth of the AMC
design [86,87]. In order to examine the eﬀects of the air layer, the third AMC
design is constructed with the same overall size as the ﬁrst design, but with
the thickness of the dielectric substrate increased to occupy the air region.
The CST full-wave driven-mode solver is applied to study the reﬂection
phase of the AMC designs, in which a plane wave illuminates the unit cel-
l structure at normal incidence with periodic boundary conditions. Figure
5.5 shows the reﬂection phase response of the three AMC designs based on
the dimensions shown in Fig. 5.4. All three AMC designs exhibit a reﬂec-
tion phase close to 0 around the frequency of 915 MHz. In Fig. 5.5, it can
be observed that among the three designs, AMC design I has the widest
bandwidth which is deﬁned as the frequency range with the reﬂection phase
between −90◦ and 90◦ [51]. The bandwidth decreases signiﬁcantly as the
thickness of the air layer reduces to 5 mm in AMC design II, while AMC
design III has a slightly reduced bandwidth compared with the ﬁrst design.
The dispersion diagram of the three AMC designs is examined based on the
eigen-mode analysis using the Ansoft HFSS. Figure 5.6 shows the dispersion
curves of the three designs. For each of the designs, the two modes in the
interested frequency band are plotted. In all three cases, no stopband is
observed near the operating frequency, since the waves are not suppressed
on the surface without the presence of vertical conducting vias [51]. At
915 MHz, it is interesting to note that the ﬁrst two AMC designs exhibit
propagation constants less than or equal to those of the light line, while the
propagation constants of both modes in AMC design III are much larger. The
large propagation constant of the induced surface wave on AMC design III
results in a direction reversal of electric currents over a shorter propagation
distance, which could disturb the overall magnetic ﬁeld distribution when
such a design is served as a reﬂector, and this is further illustrated in Section
5.4. Therefore, AMC design I is chosen as the proposed design, taking into
account the bandwidth of the reﬂection phase, the phase constants of the
induced surface wave, the product weight, and the fabrication cost.
76
5.4 Design of AMC Backed Electrically Large ZPSL
Loop Antenna
The proposed antenna consists of the ZPSL grid-loop antenna and the AMC
design I. The side view of the AMC-backed ZPSL grid-loop antenna is shown
in Fig. 5.7. The grid-loop antenna is placed 5 mm above the AMC design
I. Figure 5.8 shows the simulated current distributions on the ZPSL grid-
loop antenna backed with the AMC design I. In Fig. 5.8(a), it can be seen
that the current ﬂows in phase as that is shown in Fig. 5.2(b), which depicts
the current distribution of a grid-loop structure without the AMC reﬂector.
Figure 5.8(b) presents the current distribution on the AMC surface, and
the plotted region has the same size as the grid loop. In the regions right
beneath the grid loop, the same current distribution can be observed on the
AMC surface, because the AMC surface exhibits zero reﬂection phase at the
frequency of interest. Several closed-loop currents can be observed in the
areas that are below the inner-loop regions of the two smaller loops in the
grid-loop structure, and each of the closed-loop current ﬂows in the same
way as that on the corresponding smaller loop.
In Fig. 5.9, the simulated magnetic ﬁeld distributions of the ZPSL grid-
loop antenna, the ZPSL grid-loop antenna backed with a perfect magnetic
conductor (PMC), the ZPSL grid-loop antenna backed with AMC design I,
and the ZPSL grid-loop antenna backed with AMC design III are compared.
At z = 10 mm, both the PMC and AMC design I backed antennas exhibit
similar distributions inside the square loop area. From Figs. 5.9(a) and (e),
it is observed that AMC design I enables the proposed antenna to generate a
stronger and more evenly distributed magnetic ﬁeld (|Hz|). In Fig. 5.9(g), it
can be seen that the AMC design III results in an uneven distribution of the
magnetic ﬁeld as predicted by the dispersion relations in Section 5.3. With
the presence of the AMC and PMC reﬂectors, the directional ﬁeld distribu-
tions are observed in Figs. 5.9(d), (f) and (h). Compared with the PMC
backed design, the AMC backed structures exhibit a smaller |Hz| behind the
structures because of the presence of the metallic ground plane. By compar-
ing Figs. 5.9(f) and (h), the proposed antenna with AMC design I shows a
more uniform magnetic ﬁeld distribution above the antenna surface than the
one with AMC design III, which exhibits a relatively conﬁned distribution
due to the large propagation constant of the induced surface wave.
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5.5 Antenna Implementation and Measurement
The AMC backed ZPSL grid-loop antenna with AMC design I is fabricat-
ed and measured. The impedance matching measurement of the antenna is
carried out using an Agilent E5230A vector network analyzer. Figure 5.10
shows the simulated and measured reﬂection coeﬃcients of the antenna pro-
totype that is pictured in Fig. 5.11. The achieved frequency band with the
reﬂection coeﬃcient less than −10 dB ranges from 900 MHz to 1040 MHz or
14.4%. The simulated and measured results agree well.
The near-ﬁeld scanning system at the Institute for Infocomm Research,
Singapore, is employed to measure the magnetic ﬁeld distribution. In Fig.
5.11, a near-ﬁeld magnetic ﬁeld probe (Langer EMV-Technik RF-R 3-2) is
positioned right above the proposed antenna. The probe scans in the xy-
plane that is located at a certain distance above and parallel to the antenna,
with an interval of 5 mm along the x- and y- directions, respectively.
Figure 5.12 shows the measured magnetic ﬁeld |Hz| distributions of the
antenna in the planes with a distance of 10 mm to 40 mm (z = 10 mm, 20
mm, and 40 mm) above the loop surface at 900 MHz, 915 MHz, and 935
MHz, respectively. A strong and uniform magnetic ﬁeld can be observed in
the frequency band up to the plane of z = 40 mm.
Figure 5.13 compares the measured and simulated magnetic ﬁeld distribu-
tions along the x- and y-axes in the plane of z = 10 mm at 915 MHz. As
can be seen, the measured ﬁeld distributions follow the simulated ones well.
To verify the directional distribution of the proposed antenna, the magnet-
ic ﬁeld in the center of the loop is measured along the z-axis at 915 MHz,
which is compared against that of a ZPSL grid loop without any reﬂector
as shown in Fig. 5.14. It can be seen that the antenna prototype exhibits
an enhanced magnetic ﬁeld in the positive z-direction, and the magnitude of
the magnetic ﬁeld is reduced signiﬁcantly beneath the ground plane in the
negative z-direction, whereas the ZPSL grid loop produces a bidirectional
distribution.
To further verify the performance of the proposed antenna, the antenna
prototype is tested as the reader antenna in a UHF near-ﬁeld RFID system.
As shown in Fig. 5.15, the antenna prototype is connected to an Impinj
Speedway reader operating in the UHF band of 865 to 956 MHz with a 30-
dBm output to detect 90 pieces of RFID tags that are positioned randomly
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on a square Styrofoam with a side length of 200 mm, which is equal to that
of the internal region of the proposed antenna. The Impinj J41 tag with a
diameter of 12 mm is employed in the measurement.
In Fig. 5.16, the measured reading rate against the reading range is plotted
for the antenna prototype, the ZPSL grid loop, and a solid loop that has the
same internal region size as the antenna prototype. As shown in Fig. 5.16, the
proposed antenna prototype and the ZPSL grid loop achieve a 100% reading
rate with a maximum reading distance of 90 mm and 20 mm, respectively,
while the solid loop cannot achieve 100% reading rate even when the tags
are placed on the surface of the solid loop.
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5.6 Figures
Figure 5.1: Geometry of the proposed ZPSL grid-loop antenna (unit: mm).
Figure 5.2: Simulated current distribution at 915 MHz: (a) on the reference
antenna; and (b) on the grid-loop antenna.
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Figure 5.3: Simulated magnetic ﬁeld distribution (z = 10 mm) of the ZPSL
grid-loop antenna with varying L1 at 915 MHz along the (a) x-axis; and (b)
y-axis.
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Figure 5.4: (a) Square AMC reﬂector. AMC design I: (b) top view; and (c)
side view. AMC design II: (d) top view; and (e) side view. AMC design III:
(f) top view; and (g) side view. (unit: mm)
82
Figure 5.5: Simulated reﬂection phases of the three AMCs.
Figure 5.6: Simulated dispersion diagrams of the three AMCs.
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Figure 5.7: Side view of the AMC-backed ZPSL grid-loop antenna (unit:
mm).
Figure 5.8: Simulated current distributions of the AMC backed ZPSL
grid-loop antenna at 915 MHz: (a) the ZPSL grid loop; and (b) the AMC
surface.
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Figure 5.9: Simulated magnetic ﬁeld distributions (z = 10 mm) at 915
MHz: (a) ZPSL grid loop; (c) PMC backed ZPSL grid loop; (e) AMC
design I backed ZPSL grid loop; and (g) AMC design III backed ZPSL grid
loop. Simulated magnetic ﬁeld distributions (x = 0 mm) at 915 MHz: (b)
ZPSL grid loop; (d) PMC backed ZPSL grid loop; (f) AMC design I backed
ZPSL grid loop; and (h) AMC design III backed ZPSL grid loop.
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Figure 5.10: Simulated and measured reﬂection coeﬃcients of the
AMC-backed ZPSL grid-loop antenna prototype.
Figure 5.11: Near-ﬁeld measurement setup for the antenna prototype.
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Figure 5.12: Measured magnetic ﬁeld distributions of the AMC backed
ZPSL grid-loop antenna prototype: (a) z = 10 mm at 900 MHz; (b) z = 20
mm at 900 MHz; (c) z = 40 mm at 900 MHz; (d) z = 10 mm at 915 MHz;
(e) z = 20 mm at 915 MHz; (f) z = 40 mm at 915 MHz; (g) z = 10 mm at
935 MHz; (h) z = 20 mm at 935 MHz; and (i) z = 40 mm at 935 MHz.
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Figure 5.13: Simulated and measured magnetic ﬁeld distributions along the
x- and y-axes in the plane of z = 10 mm at f = 915 MHz.
Figure 5.14: Measured magnetic ﬁeld distributions along the z-axis at f =
915 MHz.
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Figure 5.15: Near-ﬁeld RFID reading rate measurement setup.
Figure 5.16: Measured reading rate against the reading range of the
antenna prototype, the ZPSL grid loop, and the solid loop.
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CHAPTER 6
DESIGN OF DIRECTIONAL ZPSL LOOP
ANTENNAS
6.1 Introduction
In this chapter, two simpliﬁed designs of directional ZPSL loop antennas
are proposed to achieve a directional magnetic near-ﬁeld distribution while
maintaining a low proﬁle. The proposed antennas are designed based on the
current distributions on the antennas. Section 6.2 presents the ﬁrst proposed
antenna design, a ZPSL loop array with two closely-spaced elements, and
a parametric study of its parasitic element in terms of distributed reactive
loadings. The impedance matching characteristics of the design are studied
with reference antennas. Section 6.3 demonstrates the second proposed an-
tenna design and also studies its impedance matching. Section 6.4 compares
the measurement and simulation results of the two proposed antennas.
6.2 Design of Closely-Spaced ZPSL Loop Array
The detailed conﬁguration of the ﬁrst proposed antenna design, a two-element
ZPSL loop array, is shown in Fig. 6.1. The driven element and the parasitic
element are printed on two pieces of single-layer FR4 substrates (εr = 4.3
and tan δ = 0.025, thickness of 32 mils, or 0.8128 mm), respectively. Figure
6.1(a) exhibits the driven element, which is an aperiodic ZPSL loop antenna
with nonuniformly arranged unit cells that are shown in Fig. 6.1(b). The
length of the unit cell, L, varies from 52 to 80 mm (L1 = 80 mm, L2 = 64
mm, and L3 = 52 mm). The radius R of the driven ZPSL loop is 80 mm.
As suggested in [88], the aperiodic ZPSL loop antenna is able to generate a
more uniform current ﬂowing along the loop, which results in a more uniform
magnetic ﬁeld distribution with an enhanced magnetic ﬁeld intensity. Figure
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6.1(c) shows the parasitic ZPSL loop element, which has the same size as
the driven one and consists of 10 unit cells with the details shown in Fig.
6.1(d), wherein L4 = 50.1 mm and Lg = 40 mm. As shown in Fig. 6.1(e),
the two ZPSL loop elements are coaxially stacked in the z-direction, with the
driven element placed 15 mm (0.046 of the wavelength at 915 MHz) above
the parasitic element.
The decisive factors for achieving a directional magnetic near-ﬁeld distri-
bution are the current distributions on the array elements. By examining
the magnetic ﬁeld produced by a single loop, it can be observed that with a
second loop of the same size carrying an opposite current, one can reduce the
magnitude of the current to nearly cancel the magnetic ﬁeld in the backward
direction without a signiﬁcant reduction of the ﬁeld in the forward direction.
Therefore, if one can couple the parasitic element strongly to the driven el-
ement to induce an out-of-phase current with a controllable magnitude, one
can achieve a directional magnetic near-ﬁeld distribution. This is the mech-
anism adopted in the design of the proposed two-element ZPSL loop array.
Figure 6.2 illustrates the simulated current distributions of the proposed ZP-
SL loop array, wherein the currents on the driven and the parasitic elements
are out of phase and with the magnitude slightly reduced in the parasitic ele-
ment. With such a current distribution, the parasitic element acts eﬀectively
as a reﬂector with its generated ﬁeld in the opposite direction to that of the
driven element, leading to a reﬂected component similar to that produced by
a PEC reﬂector plate.
Figure 6.3 examines the magnetic ﬁeld distribution of the proposed ZPSL
loop array along the z-axis, where the slot length, Lg, of the unit cells for
the parasitic ZPSL loop element varies from 30 to 45 mm with all the oth-
er geometrical parameters kept unchanged. Compared with the symmetric
bi-directional magnetic ﬁeld distribution generated by the single driven ZP-
SL loop element only, the proposed ZPSL loop array exhibits a directional
magnetic ﬁeld distribution. Unlike in the case of the electrically small loop
arrays [60,63], a single lumped loading on the parasitic element is unable to
completely control the current distribution on the electrically large loop in
the proposed design. This diﬃculty is alleviated by the distributed capac-
itances provided by the ZPSL unit cells, which can eﬀectively control the
current along the parasitic ZPSL loop element. As shown in Fig. 6.3, the
varying Lg results in a variation of the magnetic ﬁeld distribution with the
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magnetic ﬁeld decreased by over 8 dB with Lg = 30 mm. With an increas-
ing Lg, the magnetic ﬁeld in the negative z direction increases because of a
decreased cancellation. It is interesting to note that the loop array exhibits
a slightly enhanced magnetic ﬁeld intensity especially when z is greater than
40 mm. This is due to the increased current magnitude in the driven ele-
ment, instead of the ﬁeld produced by the parasitic element. The proposed
design is chosen with Lg equal to 40 mm for its most enhanced magnetic ﬁeld
distribution in the forward direction as shown in the parametric study. For
UHF near-ﬁeld RFID applications, an enhanced magnetic ﬁeld intensity has
a better potential to extend the reading range of a reader antenna, which
will be further explored in Section 6.4.
Another important issue for designing the closely-spaced parasitic antenna
array is the impedance matching [57, 59]. With a decreasing inter-element
spacing, the input resistance of the driven element decreases signiﬁcantly, and
therefore it is diﬃcult to match the antenna to a speciﬁc impedance such as
50 Ω. The reason for this observation is similar to that of the phenomenon
of current cancellation, which occurs when a metallic ground plane is placed
close to an antenna [64,89].
Figure 6.4 analyzes the input impedance of the proposed antenna. Three
cases are considered, namely, the proposed ZPSL loop array, the single driv-
en ZPSL loop element, and the single driven ZPSL loop backed with a ﬁnite
metallic ground plane (173.5 mm × 173.5 mm) that is placed 15 mm below
the loop. It is observed that the proposed ZPSL loop array exhibits a much
lower input resistance as compared with the single loop case. This can be
explained by the current distributions shown in Fig. 6.2, wherein the oppo-
sitely ﬂowing currents on the array elements cancel each other out, reducing
the radiation resistance of the array. It is interesting to note that compared
with the case that involves the ground plane, the proposed design features
a higher input resistance and a similar input reactance at the frequency of
interest (915 MHz), and therefore it is easier to achieve impedance matching
for the proposed design.
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6.3 Design of Low-Proﬁle ZPSL Loop Antenna
The second proposed antenna design is shown in Fig. 6.5. The second design
consists of a driven ZPSL loop, a parasitic ZPSL loop, and a metallic ground
plane. Similar to the ﬁrst proposed antenna design, both the driven and
parasitic loops are printed on single-layer FR4 substrates with the speciﬁca-
tions described in Section 6.2. It can be seen from Fig. 6.5(a) that the driven
element of the second design has the same geometry of the aperiodic ZPSL
loop as the driven element of the ﬁrst design as shown in Fig. 6.1(a), with
diﬀerent dimensions in the input matching parts. In Fig. 6.5(c), the parasitic
ZPSL loop is a closed aperiodic ZPSL loop with the same conﬁguration as
the driven one. Figure 6.5(d) presents the cross-section view of the second
design. The two ZPSL loop elements and the ground plane are coaxially
stacked in the z-direction, with the driven element placed 5 mm above the
parasitic element, which is positioned 10 mm above the ground.
Unlike in [64], the phase information in the far-ﬁeld approximation cannot
be applied to design the near-ﬁeld antenna. The second proposed antenna is
designed based on the current distributions on the elements of the antenna,
among which the eﬀect of the parasitic ZPSL loop is signiﬁcant. Considering
a single loop with an in-phase current ﬂow, the current induced on a nearby
ground plane is in the opposite direction to that of the single loop. Since the
out-of-phase currents are positioned closely, they cancel each other out and
lead to reduced magnetic near-ﬁeld distributions. In order to compensate for
the eﬀects of such a current cancellation, it is intuitive to assume that the
parasitic ZPSL loop needs to carry a current of the same phase as that of
the single loop. In Fig. 6.6, the simulated current distribution of each part
of the second proposed antenna is shown. It can be observed that the driven
and parasitic elements carry almost the same current. Figure 6.6(c) presents
the current distribution on the ground plane, and the plotted region has the
same size as the ZPSL loops. Several closed-loop currents are observed on
the ground plane, with each of the currents ﬂowing in the opposite direction
to those on the ZPSL loops.
In order to verify the assumption on current distributions, the simulated
magnetic ﬁeld distribution along the z-axis of the second proposed antenna
design is examined in Fig 6.7. Compared with the distribution of the single
driven ZPSL loop, the proposed antenna exhibits a directional magnetic ﬁeld
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distribution, with the magnetic ﬁeld in the negative z direction decreased by
over 10 dB. Another structure considered is the single driven ZPSL loop
backed with a ground plane, which is constructed similar to the proposed
antenna but with the parasitic ZPSL loop removed. It can be observed that
the proposed design exhibits an enhanced magnetic ﬁeld intensity compared
to the case of a single ZPSL loop with a ground plane. When z increases
above 20 mm, the magnetic ﬁeld intensity of the proposed design becomes
greater than that of the single ZPSL loop. The observation validates the
assumption about the current distribution of the parasitic ZPSL loop.
Figure 6.8 presents the impedance matching characteristic of the second
proposed antenna. Similar to Section 6.2, three antennas are examined,
including the proposed antenna, the single driven ZPSL loop, and the single
ZPSL loop backed with a ground plane. In Fig. 6.8(b), it is interesting to
note that the proposed antenna shows a much higher input resistance than
that of the single ZPSL loop, while the case without a parasitic ZPSL loop
exhibits the lowest input resistance. It suggests that the in-phase current that
ﬂows along the parasitic ZPSL loop in the proposed design helps alleviate
the current cancellation eﬀects caused by the ground plane.
6.4 Antenna Implementation and Measurement
Based on the parameters given in Sections 6.2 and 6.3, the two proposed
antennas are fabricated and measured. Figure 6.9 compares the simulated
and measured reﬂection coeﬃcients of the two antennas. The ﬁrst proposed
antenna achieves −10 dB reﬂection coeﬃcients in the frequency band rang-
ing from 896 to 952 MHz, while the second proposed antenna exhibits an
impedance bandwidth in the range from 902 to 931 MHz.
Figures 6.10(a) and (b) show the measurement of magnetic near-ﬁeld dis-
tribution for the two antennas. The self-built near-ﬁeld scanning system
includes a three-dimensional scanner, a vector network analyzer, and a near-
ﬁeld probe such as the Langer EMV-Technik RF-R 3-2 probe. The magnetic
ﬁeld distributions in three planes that are parallel to and above the mea-
sured antennas are obtained by scanning the probe with an interval of 5 mm.
Figures 6.10(c) and (d) present the set-ups of the UHF RFID tag-reading
test, wherein the antennas serve as the reader antenna. An Impinj Speedway
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UHF reader with an output power of 30 dBm is used to read 50 pieces of
SAG round tags.
Figure 6.11 displays the magnetic ﬁeld distributions (|Hz|) at 915 MHz
of the antennas measured under the same conditions. The magnetic ﬁeld
distributions are measured in the planes of z = 40, 80, and 120 mm, with z
= 0 mm aligning with the top surfaces of the antennas. In all three planes,
the two proposed antennas exhibit an enhanced magnetic ﬁeld distribution
compared with that of the single ZPSL loop. Figure 6.12 shows a good agree-
ment between the simulated and measured magnetic ﬁeld distributions of the
proposed antennas. The simulated results are normalized to the maximum
values of the corresponding measured two-dimensional distributions.
Figure 6.13 compares the tag-reading rates of the two proposed antennas
and the single ZPSL loop, again measured under the same conditions with
the same input power of 30 dBm. The conﬁguration of a SAG tag is shown
in the inset of Fig. 6.13. The two proposed antennas achieve 100% tag
detection up to a reading distance of 120 mm and 110 mm, respectively. The
two proposed antennas prove to be an eﬀective reader antenna with much
enhanced performance for UHF near-ﬁeld RFID applications.
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6.5 Figures
Figure 6.1: Conﬁgurations of the ﬁrst proposed antenna: (a) driven ZPSL
loop; (b) ZPSL unit cell structure of the driven element; (c) parasitic ZPSL
loop; (d) ZPSL unit cell structure of the parasitic element; and (e)
cross-section view of the array. (unit: mm)
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Figure 6.2: Simulated current distributions of the ﬁrst proposed antenna:
(a) driven element; and (b) parasitic element.
Figure 6.3: Simulated magnetic ﬁeld distributions of the ﬁrst proposed
antenna and the single ZPSL loop.
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Figure 6.4: Simulated input impedance of the ﬁrst proposed antenna: (a)
reactance; and (b) resistance.
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Figure 6.5: Conﬁgurations of the second proposed antenna: (a) driven
ZPSL loop; (b) ZPSL unit cell structure; (c) parasitic ZPSL loop; and (d)
cross-section view of the antenna. (unit: mm)
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Figure 6.6: Simulated current distributions of the second proposed antenna:
(a) driven element; (b) parasitic element; and (c) ground plane.
Figure 6.7: Simulated magnetic ﬁeld distributions of the second proposed
antenna, the single ZPSL loop, and the single ZPSL loop with ground.
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Figure 6.8: Simulated input impedance of the second proposed antenna: (a)
reactance; and (b) resistance.
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Figure 6.9: Simulated and measured reﬂection coeﬃcients of the two
proposed antennas.
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Figure 6.10: Magnetic near-ﬁeld distribution measurement: (a) ﬁrst
proposed antenna; and (b) second proposed antenna. UHF RFID
tag-reading rate test: (c) ﬁrst proposed antenna; and (d) second proposed
antenna.
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Figure 6.11: Measured magnetic ﬁeld distributions at 915 MHz: (a) single
ZPSL loop: z = 40 mm; (b) single ZPSL loop: z = 80 mm; (c) single ZPSL
loop: z = 120 mm; (d) ﬁrst proposed antenna: z = 40 mm; (e) ﬁrst
proposed antenna: z = 80 mm; (f) ﬁrst proposed antenna: z = 120 mm (g)
second proposed antenna: z = 40 mm; (e) second proposed antenna: z =
80 mm; and (f) second proposed antenna: z = 120 mm.
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Figure 6.12: Simulated and measured magnetic ﬁeld distributions along the
x- and y-axes in the plane of z = 40 mm at f = 915 MHz: (a) ﬁrst
proposed antenna; and (b) second proposed antenna.
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Figure 6.13: Measured tag-reading rate against reading range.
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CHAPTER 7
CONCLUSION
This dissertation focuses on the investigation of periodic structures and then
applies the ﬁndings to the design of near-ﬁeld antennas. The DGTD method
is ﬁrst applied to model the scattering from periodic structures with dis-
persive media. The dispersion characteristics of one- and two-dimensional
periodic structures in various geometries are studied, based on which near-
ﬁeld antennas are designed and analyzed. Near-ﬁeld antennas with direc-
tional ﬁeld distributions are designed and studied. This chapter concludes
the current work and proposes a possible future research direction.
In Chapter 2, the DGTD method has been introduced, and its formulation
has been presented in detail. The upwind-ﬂux DGTD scheme has been ap-
plied to simulate scattering from periodic structures. Based on the Floquet
theory, the causality issue at oblique incidence can be resolved by applying
the Bloch wave concept in the DGTD method. To study periodic struc-
tures with dispersive media, the auxiliary diﬀerential equation method has
been employed to include the Drude and Drude-Lorentz models to account
for dispersion properties of the media. The formulation is likely to ﬁnd its
applications in microwaves and optics, such as the simulation of frequency
selective surfaces and plasmonic metamaterials.
In Chapter 3, the dispersion characteristics of the ground-less ZPSLs and
the ZPSL loop antennas have been studied using the eigen-mode and driven-
mode methods, respectively. It has been observed that the ZPSL structures
feature a smaller phase constant than that of the conventional solid-line struc-
ture. The equivalent circuits have been proposed to characterize the ZPSL
structures. Taking into account the eﬀects of the boundary conditions on the
dispersion characteristics, the upper size limit for a ZPSL loop has been de-
termined, which oﬀered a useful guideline for designing electrically large loop
antennas for near-ﬁeld RFID applications and horizontally polarized omnidi-
rectional antennas for far-ﬁeld WLAN applications. The proposed antenna
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design guideline is expected to beneﬁt antenna engineers to design such an-
tennas with a better physical understanding and more practical convenience.
In Chapter 4, the ZPSL unit cells have been characterized to obtain the
full dispersion relations, including both the phase and attenuation constants.
The analysis has been performed in the context of a circular loop, such that
the mutual coupling between unit cells and the eﬀects of the curved ﬁnite
structures have been taken into consideration. The impacts of the length
of the ZPSL unit cells on their dispersion characteristics have been studied.
The extracted dispersion relations have been used to quantify the important
tradeoﬀ between the magnetic ﬁeld distribution and the interrogation zone
size in the design of ZPSL loop antennas. Based on the dispersion charac-
teristics, a periodic ZPSL loop has been designed and improved to achieve
a uniform and strong magnetic ﬁeld distribution over an electrically large
area. A nonperiodic ZPSL loop has been proposed to further balance the
design tradeoﬀ. By placing the unit cells with diﬀerent lengths in a ZPSL
loop, the nonperiodic ZPSL loop is able to achieve a more uniform current
distribution along the loop and an improved magnetic ﬁeld distribution as
compared with the improved periodic ZPSL loop. Two equivalent circuits of
the periodic ZPSL loop and the nonperiodic ZPSL loop have been proposed,
which helped explain the wideband behavior of the nonperiodic ZPSL loop.
Compared with the periodic ZPSL loop, the novel nonperiodic ZPSL loop is
able to achieve a much better reading rate when used as a UHF near-ﬁeld
RFID reader antenna.
In Chapter 5, a ZPSL grid-loop antenna has been proposed as an eﬀective
and simple solution to resolve the tradeoﬀ in the design of single ZPSL loop
antennas. The impacts of the position of the grid line on the magnetic ﬁeld
distribution have been studied, based on which the ZPSL grid-loop anten-
na has been designed to achieve an enhanced magnetic ﬁeld distribution as
compared with that of a referenced single ZPSL loop. To realize a directional
ﬁeld distribution, a four-arm spiral AMC with a two-layer FR4/air substrate
has been designed and utilized as the reﬂector to achieve a small reﬂection
phase within a wide bandwidth. A ZPSL grid-loop antenna backed by the de-
signed AMC reﬂector has been shown to exhibit a further enhanced magnetic
ﬁeld intensity besides a directional distribution. The proposed AMC backed
ZPSL grid-loop antenna has been demonstrated to serve as an eﬀective UHF
near-ﬁeld RFID reader antenna with good detection rates.
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In Chapter 6, two directional, low-proﬁle ZPSL loop antennas have been
proposed for UHF near-ﬁeld RFID applications. The current distributions
on the two proposed antennas have been analyzed to achieve the desired
magnetic near-ﬁeld distributions. It has been shown that the out-of-phase
current along the parasitic ZPSL loop element of the ﬁrst design can be
controlled by the distributed capacitive loadings along the loop for achieving
a directional magnetic ﬁeld distribution. The parasitic ZPSL loop element
of the second design realizes an in-phase current distribution as the driven
element, and thus helps reduce the current cancellation caused by the out-
of-phase current on the ground plane. Compared with a single ZPSL loop,
the two proposed ZPSL antennas have both demonstrated a signiﬁcantly
improved performance as a UHF near-ﬁeld RFID reader antenna.
One general future research direction is to design near-ﬁeld antennas with
periodic or nonperiodic structures to produce other near-ﬁeld patterns be-
sides the uniform magnetic ﬁeld distribution. The realization of diﬀerent
near-ﬁeld patterns can lead to various promising applications. For instance,
the manipulation of the electromagnetic near-ﬁeld can be extended to mag-
netic ﬁeld focusing, which may prove useful in applications such as near-ﬁeld
communication [90], neural stimulation [91], and wireless power charging [2].
In near-ﬁeld RFID applications, a conﬁned magnetic ﬁeld distribution is also
desirable in situations like conveyer belts and smart shelves [92].
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